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ABSTRACT
Spotted seatrout (Cynoscion nebulosus) is one of the most highly prized sportfish
along the Gulf of Mexico coast, particularly in Louisiana. Although spotted seatrout are
considered to be well managed and sustainably fished according to the state’s most recent
stock assessment, the spatial ecology of this species is largely understudied in Louisiana
waters. Acoustic telemetry is an innovative technology that is commonly used to assess
the movements and behavior of aquatic species, and can be used as a tool to address the
paucity of information on the spatial dynamics of spotted seatrout. The focus of this study
was to describe the movement and distribution patterns of spotted seatrout within Lake
Pontchartrain by utilizing remote acoustic telemetric methods aimed at addressing three
primary objectives: 1) determine the detection efficiency of stationary acoustic receivers
and their ability to accurately estimate emigration rates of spotted seatrout through
extensive range testing within the lake proper and tidal passes, 2) investigate the
influence of biotic and abiotic characteristics on habitat utilization of spotted seatrout in a
dynamic environment, and 3) examine movement and survival rates of spotted seatrout in
Lake Pontchartrain with respect to both seasonal and regional variability. A total of four
acoustic receivers and two fixed delay tags were deployed for 365 days to evaluate how
the detection range varied through time and under different environmental conditions.
Whereas distance, time deployed, and transmitter type substantially influenced
performance of the telemetry array deployed in Lake Pontchartrain, temperature,
turbidity, and northerly wind velocity were also significant factors in the reduction of
detection range. From November 2012 to November 2014, the movements of 211 spotted
seatrout were monitored with a basin-wide acoustic array composed of 90 autonomous

x

receivers. Results indicated that temperature and salinity were strong environmental
drivers affecting the seasonal distribution and migration patterns of tagged spotted
seatrout. Acoustic data were used to estimate survival and total instantaneous mortality
under a multistate mark-recapture framework. Mark-recapture model estimates indicate
that monthly survival ranged from 5% to 92%. Estimates of annual loss (A) were higher
than values reported for spotted seatrout across the Gulf of Mexico region.
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CHAPTER 1. GENERAL INTRODUCTION
Spotted seatrout, Cynoscion nebulosus, is among the most highly sought species
across the Gulf of Mexico (GOM) coast, averaging over 4000 metric tons harvested
annually between 1981 and 2014 (NMFS 2015a, 2015b). Whereas spotted seatrout is
commercially harvested to a small extent throughout the GOM region, excluding the
states of Alabama and Texas, it is of considerable importance to the recreational fishing
sector. Louisiana, in particular, accounts for 63.6% of all recreational harvest of this
species in waters of the Gulf coast states (Figure 1.1).
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Figure 1.1. Recreational landings (103 metric tons) of spotted seatrout (Cynoscion
nebulosus), derived from the NMFS Marine Recreational Fishing Statistical Survey
(MRFSS) and the NMFS Marine Recreational Information Program (MRIP), for 19812003 and 2004-2014, respectively. Black area denotes the reported landings for the Gulf
of Mexico (GOM) overall and the gray lines for individual states (solid – Alabama (AL);
dashed – Florida (FL); dotted – Louisiana (LA); dot-dash – Mississippi (MS); long dash –
Texas (TX). Note that estimates are not available from 1986 to 2014 in Texas and 2014
in Louisiana due to the implementation of statewide creel surveys.
With an estimated recreational to commercial fishing harvest ratio of 200:1 (NMFS
2015a, 2015b), spotted seatrout is considered the primary target of coastal Louisiana
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sport fishermen, comprising approximately 60% of all recreational landings in 2009
(West et al. 2011). Furthermore, as annual landings have exceeded 3,500 metric tons in
the past decade, recreational fishing effort targeting spotted seatrout has increased
considerably to over 1.5 million angler trips since 1981 (Figure 1.2).
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Figure 1.2. Total spotted seatrout (Cynoscion nebulosus), harvest (103 metric tons)
reported to the NMFS in Louisiana for 1981-2014. Dark gray area denotes commercial
landings derived from the NMFS commercial statistical records and light gray area
denotes recreational landings derived from the NMFS Marine Recreational Fishing
Statistical Survey (MRFSS)/Marine Recreational Information Program (MRIP) surveys
for 1981-2003 and 2004-2014, respectively. Louisiana angler participation targeting
spotted seatrout, reported as recreational effort (106 angler trips), is represented by the
black line. Note that commercial records were not available from 2010 to 2012.
Recreational data were also not available for 2014 (modified from West et al. 2011).
Despite heavy exploitation in Louisiana, the most recent stock assessment
conducted by the Louisiana Department of Wildlife and Fisheries (LDWF) reports that
the spotted seatrout fishery is sustainable based on current management benchmarks.
These include limit and target reference points of spawning potential ratio (SPR), fishing
mortality rate (F), and spawning stock biomass (SSB), specifically: SPRlimit = 8.1%, Flimit
= 0.79, SSBlimit = 5.6 million lbs, SPRtarget = 10.9%, Ftarget = 0.67, and SSBtarget = 7.5
2

million lbs (West et al. 2014). In other words, the stock is neither overfished
𝑆𝑆𝐵

(𝑆𝑆𝐵

𝑙𝑖𝑚𝑖𝑡

< 1) nor undergoing overfishing (𝐹

𝐹

𝑙𝑖𝑚𝑖𝑡

> 1). Whereas current recreational

and commercial management regulations appear to be sufficient, recent declines of
spotted seatrout abundance across the GOM have prompted concerns about the
sustainability of this fishery (Clark et al. 2003; Hutchings and Reynolds 2004; Anderson
and Karel 2009), necessitating a more thorough and comprehensive evaluation of the
stocks. Given that Louisiana provides the least restrictive regulations for the spotted
seatrout fishery in the GOM region1, addressing this need is crucial for the enhancement
of management decisions within the state.
Currently, the LDWF integrates fishery independent (FI) monitoring data
collected by its Marine Fisheries Division across coastal study areas (CSAs 1-7), as well
as both recreational and commercial fishery-dependent (FD) data collected by the
National Marine Fisheries Survey (NMFS), into a statewide management strategy. The
existence of distinct subpopulations of spotted seatrout in adjacent estuaries, however, is
an ongoing debate (Weinstein and Yerger 1976; Ramsey and Wakeman 1987; King and
Pate 1992; Gold et al. 1999; Piller, Southeastern Louisiana University, unpublished data),
which could suggest a regional management approach as more appropriate (Callihan et
al. 2013). In order to determine the merit of a regional assessment of spotted seatrout
populations, the LDWF has explicitly stated the need of fine-scale spatial distribution
data (West et al. 2011, 2014). Due to the seasonal and spatial variability of key life

1

See Dippold et al. (2016) for state-specific regulations of spotted seatrout fisheries in
the GOM. With the exception of southwest Louisiana (Cameron and Calcasieu parishes),
which is managed with a 15 fish per day bag limit, current recreational regulations in
Louisiana include a 12-inch minimum length limit and a 25 fish daily bag limit.
3

history parameters driving population dynamics, such as natural (M) and fishing (F)
mortalities, recruitment, growth rates, and reproduction (Iversen and Tabb 1962; Murphy
and Taylor 1994; Gold et al. 1999; Brown-Peterson et al. 2002; Holt and Holt 2003),
independent demographic estimates for validation purposes are substantiated. Although
accurate estimates of these biological characteristics are needed to assess long-term
population changes (Bradshaw et al. 2007), demographic parameters are often
incorporated into standard fisheries management procedures with unknown accuracy and
precision. One such example, specific to the Louisiana spotted seatrout stock, is the
application of an age-specific natural mortality rate estimated by assuming a constant M
of 0.3 in assessment models conducted by the LDWF (West et al. 2014). Further, whereas
there is evidence that M of spotted seatrout changes seasonally (Ellis 2014), the statistical
catch-at-age (SCAA) model employed by the LDWF considers natural mortality and
size-dependent growth rates to be time-invariant. Model sensitivity to parameter inputs is
apparent within the research community and can have grave consequence on the
reliability of conclusions drawn from prediction uncertainty. It has been shown, for
instance, that only modest changes in M can lead to drastically different
recommendations of fishery exploitation rates (Zheng et al. 1997; Clark 1999; Williams
2002) (reviewed in Bacheler 2008). Clearly, there is an overwhelming need for
corroboration of arbitrary parameter estimates commonly used in population assessments
to ensure that harvest levels of spotted seatrout in Louisiana are sustainable.
Moreover, behavioral mechanisms (e.g., osmoregulatory stress, predator
avoidance, and reproductive activity) of estuarine fishes at the individual level, largely in
response to fluctuating environmental drivers, significantly influence species’ distribution

4

at the population level (Walsh et al. 2013). This strong relationship has heavy
implications for the predictability of habitat use, movement patterns, and community
composition of fishes in dynamic ecosystems, alluding to the importance of determining
the most dominant habitat characteristics that drive these changes. Whereas the effect of
biotic factors (e.g., intra-specific competition, predator-prey relationships, and prey
availability) on population characteristics of spotted seatrout remains undetermined,
abiotic factors (e.g., temperature, salinity, turbidity, and dissolved oxygen) have been
shown to suppress routine biological maintenance, including growth, metabolism, and
reproduction (Wohlschlag and Wakeman 1978; de Mutsert et al. 2012). The resulting
species-specific behavioral response to environmental stimuli, dependent on
physicochemical tolerance and preferences (Weinstein et al. 1980; Weinstein 1985), has
ultimately led to the recognition of the need for distribution information on spotted
seatrout in relation to environmental influences (Helser et al. 1993). Further, MacRae and
Cowan (2010) suggested that habitat preference of spotted seatrout may be influenced by
a combination of both the biotic and abiotic environment, resulting in complex
interactions that effectively determine habitat availability that varies through space and
time.
Undoubtedly, there is an overwhelming need for a better understanding of spotted
seatrout ecology and population dynamics in Louisiana coastal waters that will lead to
more informed management strategies. Although we have gained much insight into
various life history aspects of spotted seatrout in recent years—diet (Russell 2005;
Simonsen 2008), habitat utilization (MacRae and Cowan 2010), reproduction (Nieland et
al. 2002; Brown-Peterson 2003; Roumillat and Brouwer 2004; Lowerre-Barbieri et al.
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2013), age and growth (Nieland et al. 2002), and genetics (Somerset 2013; Piller,
Southeastern Louisiana University, unpublished data)—results regarding distribution and
movement studies remain inconclusive, which yields a large knowledge gap in the spatial
ecology of the species. Several movement and habitat usage studies on adult spotted
seatrout have been conducted in Louisiana (Fontenot and Rogillio 1970; Rogillio 1975;
Adkins et al. 1979; Arnoldi 1982, 1984; Helser et al. 1993), but these focus primarily on
traditional sampling techniques, such as conventional tagging methods and net surveys.
Although this information is valuable in advancing our knowledge of the spotted seatrout
population, the data are nonetheless of limited utility, providing only low-resolution
mark-recapture events. Further, aside from three recent studies (Callihan 2011; Callihan
et al. 2013, 2015) little information is available addressing both size- or sex-specific
distributions of spotted seatrout and how these distributional patterns specifically relate to
environmental factors that determine demographics of fish populations.
Acoustic telemetry, also known as ultrasonic biotelemetry, is an innovative
methodology commonly used to assess seasonal distribution and movement patterns of
aquatic species (Heupel and Webber 2012; Hussey et al. 2015). More specifically, this
technological advancement has been used to investigate migration patterns of Atlantic
salmon (Salmo salar; Finstad et al. 2005), emigration rates of spotted seatrout (Callihan
2011; Callihan et al. 2013), diel horizontal and vertical movements of Mekong giant
catfish (Pangasianodon gigas; Mitamura et al. 2008), habitat utilization and site fidelity
of bonefish (Albula vulpes; Humston et al. 2005), and estimation of natural and fishing
mortality rates of striped bass (Morone saxatilis; Hightower et al. 2001). Over the past
few decades, acoustic telemetry has resulted in greater insight into fish behavior, habitat
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use, productivity, migration and survival (Stasko and Pincock 1977; Priede and Swift
1992; Winter 1996), thereby greatly enhancing the capacity for effective fisheries
management. Unlike traditional tagging techniques, biotelemetry remotely provides high
temporal and spatial resolution information at the individual level over long periods of
time (Cooke et al. 2004) through a two-part approach. This typically involves a passive or
mobile hydrophone/receiver unit, such as a VR2W or VR100, respectively (Vemco
Division AMIRIX Systems Inc., Nova Scotia, Canada), to decode and record ultrasonic
transmissions (i.e., sound signals) emitted from a transmitter either attached to or
implanted in the aquatic species of interest. Thus, the use of acoustic telemetry as a tool
to monitor fine-scale spatio-temporal fish distributions can be used to address the paucity
of distribution data that will enhance our understanding of spotted seatrout spatial
ecology. This, in effect, will strengthen our ability to effectively manage this ecologically
important and economically valuable sport fishery.
This project was part of a larger effort to evaluate the movement and migration
patterns of a variety of aquatic species, including spotted seatrout, red drum (Sciaenops
ocellatus), bull shark (Carcharhinus leucas), and Gulf sturgeon (Acipenser oxyrinchus
desotoi), in Louisiana coastal waters through collaboration among the LDWF, Louisiana
State University (LSU), and the U.S. Fish and Wildlife Service (USFWS). The focus of
my dissertation was to describe the movement and distribution patterns of spotted
seatrout within the Lake Pontchartrain basin by utilizing remote acoustic telemetric
methods.
Although this technology has enhanced the understanding of behavioral
characteristics and spatial ecology of many marine and freshwater organisms, failure to
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understand the performance of acoustic receivers in dynamic environments may lead to
biased conclusions. Accordingly, Chapter 2 of this dissertation addresses this concern by
assessing the overall performance of an acoustic array in a highly turbid, shallow water
estuarine system in Louisiana. Specifically, a series of extensive range tests were
conducted at various locations within Lake Pontchartrain to determine the detection
efficiency of autonomous acoustic receivers, as well as to evaluate the utility of acoustic
gates in estimating emigration rates of spotted seatrout.
Chapter 3 formally investigates the resource selection of spotted seatrout by
incorporating high-resolution presence-absence data, provided by acoustic telemetry,
with a spatially-explicit generalized additive modeling (GAM) approach. Although
previous research has described seasonal distribution patterns of spotted seatrout in
Louisiana estuaries, the impetus behind these behavioral changes are largely
understudied. The objective of this chapter is to collectively determine the influence of
physicochemical, microhabitat, geographic, and temporal determinants on habitat
utilization of spotted seatrout in a temporally and spatially heterogeneous environment.
Chapter 4 continues to address the distribution patterns of adult spotted seatrout
through the integration of acoustic telemetry into a multistate mark-recapture modeling
framework used to monitor population dynamics of the stock for the purpose of
informing future management decisions. Effective management of fisheries populations
requires both precise and unbiased estimates of vital rates essential to the propagation of
a particular species. The main objective of this chapter was to estimate movement and
survivability parameters, namely recapture (p), survival (ϕ), and transition (ψ)
probabilities, of spotted seatrout, as well as to determine whether these rates were either
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temporally- or spatially variable across size and sex of individuals within the Lake
Pontchartrain system.
The overall goal of this project was to supplement the understanding of adult
spotted seatrout ecology and population dynamics in Louisiana coastal waters through the
coupling of telemetry with spatial analysis. The research described herein provides a
novel approach to the assessment of the spotted seatrout population in Lake
Pontchartrain. Due to increasing exploitation rates in combination with higher rates of
human population growth and urbanization in coastal areas (Peterson and Lowe 2009), it
has become increasingly vital that researchers and managers alike actively monitor this
natural resource. The ability to accurately predict the spatial distribution of a fish species
resulting from behavioral responses, while simultaneously obtaining more robust and
precise estimates of key life history characteristics, will effectively culminate in a more
comprehensive understanding of the sustainability of the fishery.
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CHAPTER 2. THE PERFORMANCE OF AN ACOUSTIC MONITORING
ARRAY IN A DYNAMIC ESTUARINE ENVIRONMENT
2.1. INTRODUCTION

In recent decades acoustic telemetry has become a standard tool for monitoring
aquatic species, ranging from studies examining distribution and movement patterns at
the population scale (Perry et al. 2010) to individual behavioral characteristics, including
residency (Topping and Szedlmayer 2011) and foraging dynamics (Papastamatiou et al.
2007; Semmens et al. 2013). Although the application of acoustic telemetry has become
increasingly widespread among researchers (Hussey et al. 2015), failure to understand the
limitations of its functionality may lead to biased data interpretations (Payne et al. 2010;
Chambert et al. 2015). The ability of an acoustic receiver to detect signals from
transmitters is heavily dependent on ambient conditions and, thus, is inconsistent among
environments (e.g., open-ocean; riverine systems; coastal bays) as well as over time (e.g.,
hourly; daily; annually). To gain a more detailed understanding of the variability inherent
in the performance of an acoustic monitoring array and to ensure that study objectives are
adequately met, a mechanistic approach to evaluate detection range and array design is
necessary.
Detection range, defined by Kessel et al. (2014) as the relationship between
detection probability and the distance between the transmitter and receiver unit, is
primarily a factor of acoustic signal dampening, in which two types of losses occur: 1)
absorption of acoustic energy by the fluid medium, and 2) spreading loss through signal
propagation, namely attenuation (Voegeli and Pincock 1996; Pincock and Voegeli 2002).
Absorption, which results when sound waves are converted to thermal energy, or heat
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(Lurton 2002), is largely related to the physical environment. High concentrations of
suspended particles and entrained air bubbles due to increased wind speed will lead to
significant signal scattering and absorption of acoustic energy, in effect substantially
reducing detection range. In addition to physiochemical conditions within the water
column, bathymetric features, such as substrate composition and biotic structures, can
further alter detection range. For example, soft substrate environments, primarily mudbottom habitat, efficiently absorbs sound, thereby causing acoustic signals to travel
shorter distances than in regions composed of hard substrate (Urick 1983; Heupel et al.
2006). High densities of submerged aquatic vegetation (SAV) have also been shown to
significantly dampen acoustic transmissions (Hightower et al. 2001; Simpfendorfer et al.
2002).
Attenuation is a direct effect of the mechanics behind signal propagation,
resulting in decreased signal strength, also referred to as decibel level, with increasing
distance from the source (Pincock and Voegeli 2002). More specifically, as sound
radiates from its center of origin, energy waves are spread over an increasingly larger
area, thereby weakening signal strength (Lurton 2002). In other words, an acoustic signal
of the same frequency and decibel level can generally be detected more reliably at 50
meters rather than at 150 meters. To further confound matters, signal attenuation is
directly related to the speed of sound in water, where less attenuation is associated with
faster traveling sound waves under non-stratified conditions. Because the speed of sound
increases with temperature, salinity, and pressure, the same environmental factors can act
in opposition to affect range of detection. For instance, although absorption increases due
to high salinity, acting to weaken the acoustic signal and therefore reduce range,
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increasing salinity concurrently results in higher sound speeds, acting to decrease the
effect of attenuation.
Signal weakening due to absorption and attenuation of sound waves is an
important factor controlling detection range since the signal must exceed a critical
threshold relative to ambient noise levels for receivers to effectively decode acoustic
transmissions, specifically a signal-to-noise ratio (SNR) of 12:1 (Voegeli and Pincock
1996). Interference sources can include physical noise (e.g., wind, wave action, rainfall,
ice-cracking, tidal currents, air bubbles, turbulence), biological noise (e.g., cetaceans,
snapping shrimp, hydroids, barnacles, oyster reefs) and anthropogenic noise (e.g., boat
noise, echo-sounders, underwater construction, marine mammal deterrent devices).
Because signal strength is inversely proportional to distance, masking of acoustic signals
due to background noise can lead to significant losses in detection range from hundreds
of meters to just a few meters (Winter 1983; Klimley et al. 1998; Jensen et al. 2009;
Cotton 2010). Therefore, an acoustic signal of the same decibel level will be detected less
reliably at longer distances in a noisy environment as compared to an acoustically
favorable one.
Signal reception is additionally complicated by multipath scattering due to the
reflective and refractive properties of sound waves interacting with boundary layers. For
example, sound propagation in shallow water systems does not follow the theoretical
models of spherical or cylindrical spreading (Shapiro et al. 2009), largely due to
reflection of acoustic waves off of the sea surface and bottom. Furthermore, stratification
resulting from the development of physical gradients within the water column, such as
thermoclines or haloclines, can lead to significant reduction in detection range of acoustic
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signals due to refraction (Singh et al. 2009). Depending on the specific environmental
conditions of the water column, sound speed may vary by stratum, causing the
transmission of energy through a gradient boundary to deflect the acoustic signal away
from receivers, thus resulting in acoustic shadow zones. More specifically, signals
transmitted below the thermocline may not be detected by a receiver positioned in surface
waters, signifying the importance of appropriate receiver placement according to species’
behavior (i.e., near-bottom for benthic species and mid-water for pelagic species; Heupel
et al. 2006; Cotton 2010).
Although detection range is both temporally and spatially variable (Finstad et al.
2005) as a result of the stochastic environmental conditions inherent in coastal and
marine ecosystems, performance of a telemetric monitoring array is also highly
dependent on a number of user-controlled factors. Among these are transmitter
specifications, specifically the frequency (Hz), strength of the signal transmitted (power
output as measured in decibels, dB), and interval between transmissions (code repeat
rate), as well as the design of acoustic systems, including the degree of receiver overlap
(i.e., spacing; Heupel et al. 2006) and geometrical configuration of receiver units (e.g.,
offset versus linear receiver deployment patterns; Clements et al. 2005). For instance,
given that stronger signals are not as quickly attenuated and because battery capacity is
directly proportional to power output (dB), acoustic range is partially determined by
transmitter size. In other words, larger tags are equipped with higher decibel levels and
are therefore more readily detected at longer distances. Since higher frequencies are more
quickly attenuated than lower frequencies (Winter 1983), which indirectly reduces the
acoustic signal range, operational frequency of the transmitter must also be considered.
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However, because frequency is dictated by transmitter size, by which larger tags emit
signals of lower frequency, and therefore, experience attenuation to a smaller degree
(Melnychuk 2012; Pincock and Johnston 2012), most researchers are restricted to
choosing transmitters based solely on the tag burden potential incurred by the organism
(Pincock and Johnston 2012).
Considering the significant trade-offs between collision potential and detection
range, the code repeat rate, or nominal delay, of transmitters is arguably the most difficult
decision of acoustic telemetry studies. Frequency of collisions is related to the number of
tags within reception range and how often tags transmit their signal (Voegeli et al. 1998).
Therefore, depending on the behavior of tagged individuals, especially species exhibiting
high site fidelity and schooling behavior, this may be problematic. More specifically,
signal collision occurs when two or more acoustic signals are received simultaneously
resulting in overlapping ID codes (Pincock 2012). In effect, as the nominal delay
decreases there is an increased potential for signal collision to occur, leading to decreased
detection frequencies (Lacroix and Voegeli 2000; Dale Webber, Vemco Division
AMIRIX Systems Inc., personal communication). Selection of long nominal delays,
however, may result in incomplete detection of ultrasonic transmitters between adjacent
receivers, especially in acoustic gate systems designed to study fish migration. The
probability of detecting an individual as it passes through a receiver line is a function of
receiver detection radius, nominal tag delay, and the swimming speed of tagged fish
(Welch et al. 2002; Heupel et al. 2005). For example, if the species’ maximum swimming
speed (ms-1) is fast enough to move out of range before the transmitter pings due to a
long nominal delay, the individual may pass through the curtain undetected, thus
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rendering the acoustic line ineffective. This incompetency can considerably bias data
interpretations, particularly those relating to survival and emigration rates, making it
critical to determine the receiver spacing required to optimize the performance of an
acoustic gate (Kessel et al. 2014).
Although detection range has been identified as the most variable factor among
and within telemetry studies (Heupel et al. 2006), few researchers have conducted a
comprehensive examination of receiver array performance (Kessel et al. 2014). Even
though the research community is becoming increasingly aware of the necessity of
assessing receiver performance and the implications of performance variability, most
studies report detection ranges either assumed from manufacturer specifications or
obtained from published literature, rather than being directly measured. Others have
utilized field testing techniques over a 24-h period or less (Arendt et al. 2001; Heupel and
Hueter 2001; Topping et al. 2006; Meyer et al. 2009) to define detection range, and
therefore fail to encompass the true variability of receiver performance. Although two
recent studies investigated the relationship between detection range and several
environmental conditions over an extended period of time (Callihan 2011; Huveneers et
al. 2016), the importance of considering detection range in passive telemetry research is
far too often ignored. Long-term in situ range testing should be standard procedure in
acoustic telemetry studies to effectively determine factors influencing the performance of
acoustic monitoring arrays. Furthermore, to ensure that application of acoustic telemetry
adequately meets research needs, study objectives must be clearly defined before
designing acoustic systems.
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The main goal of this chapter is to evaluate the overall performance of a passive
acoustic receiver array deployed in a highly dynamic estuarine environment for the
purpose of monitoring the distribution and movement patterns of adult spotted seatrout
(Cynoscion nebulosus). Specifically, I focus on determining the influence of various
meteorologic (wind velocity and precipitation), oceanographic (water temperature,
salinity, turbidity), and biological conditions (time deployed) on the performance of an
autonomous receiver array. In addition, I aim to identify the relationship between
distance and expected detection range of acoustic receivers after accounting for the
temporal variability in system performance, as well as to investigate the efficiency of the
acoustic gates utilized within this study to estimate emigration rates.

2.2. METHODS

This study employed a series of in situ range tests in order to more accurately
identify the factors influencing the performance of an acoustic monitoring array in Lake
Pontchartrain. More specifically, a short-term range test was conducted as a pilot study to
determine the separation distance needed between adjacent receivers to ensure complete
coverage of acoustic gates deployed within the tidal inlets. The receiver spacing chosen
was then validated with post-hoc range testing conducted in the four major exit routes of
the system: Pass Manchac, Inner Harbor Navigation Canal (IHNC), Rigolets Pass, and
Chef Menteur Pass. Further, fixed distance long-term range tests were conducted over an
extended period of time (~1 yr) to provide a continuous assessment of detection range
over various environmental conditions.
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The performance of an acoustic monitoring array is typically measured by either
the detection rate or detection efficiency of independent passive receivers within an array.
For all given range tests, detection rate is defined as the number of recorded detections
over a given time period, whereas detection efficiency (DE) is defined as the proportion
of recorded detections relative to the expected number of detections, as follows:
𝐷𝐸 =

𝑁𝑟(𝑡,𝑑)
𝑁𝑒(𝑡,𝑑)

Equation (2.1),

× 100

where Nr is the number of recorded detections of a particular transmitter (t) during a
given time period, Ne is the number of expected detections of a particular transmitter (t)
during a given time period, and d is the receiver distance from the range test tag (Callihan
2011). Thus, a DE of X percent at a particular range means that X percent of
transmissions from a particular tag will be detected.

2.2.1. Study Area
The Pontchartrain basin, located in southeastern Louisiana, encompasses a
12,173-km2 watershed, making it one of the largest estuarine ecosystems in the GOM
region. The geologic formation of the basin began after the last glacial maximum
(~18,000 ya) when sea level rapidly rose to form a coastal embayment of the northern
GOM (Darnell 1962; Otvos 1978). Over the past 5,000 years, coastal processes began to
shape the geomorphology of the eastern shoreline of the embayment while the
Mississippi River deltaic plain further reinforced its dissociation from the nearshore
environment (Frazier 1967), thus completing the development of the modern-day
estuarine complex.1 The basin is bounded by two major river systems, the Mississippi

1

Refer to Flocks et al. (2009) for a comprehensive review of the geologic history of the
Pontchartrain basin.
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River to the west and the Pearl River to the east, with Lake Pontchartrain lying at its
center.
Lake Pontchartrain comprises an area of 1,630 km2, stretching 39 km from north
to south between the Florida Parishes and the New Orleans metropolitan area and 64 km
from east to west between Lake Maurepas and Lake Borgne (Figure 2.1). The system is
generally considered a shallow, oligohaline estuary, with depth and salinities ranging
from 3-5 m and 0-8 ‰, respectively (Hastings 2009). Predominate substrate type is soft
mud bottom composed of silty-clay or clayey-silt (Steinmayer 1939; Bahr et al. 1980;
Flowers and Isphording 1990), although sandy substrates are found in isolated regions
along the north and southeastern shorelines, and are largely associated with dense
submerged aquatic vegetation (SAV) beds (Poirrier et al. 2009).
Lake Pontchartrain is further described as a microtidal estuary with a mean
diurnal tidal range of only 10.9 cm (Swenson and Chuang 1983), although tidal influence
is more evident in the lower estuary (>20 cm near Rigolets Pass; Swenson 1980a).
Whereas tidal currents are important to the system at wind speeds less than 2 ms-1
(Swenson 1980b), local meteorological conditions largely determine circulation patterns,
characterizing Lake Pontchartrain as a wind dominated system (Stone et al. 1972). More
specifically, easterly and southerly winds result in a net influx of saline water to the
estuary from Lake Borgne and Mississippi Sound, whereas westerly and northerly winds
result in a net efflux of water from the lake through its two narrow tidal passes into Lake
Borgne, namely Rigolets Pass and Chef Menteur Pass (Cho 2007). Freshwater discharge
on the other hand, is concentrated in the northwestern region from major rivers and small
tributaries, including the Amite, Comite, Blind, Tickfaw, Tangipahoa, and Tchefuncte
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rivers along with bayous Lacombe, Cane, Castine, and Bonfouca, and further acts as a
receiving basin for freshwater derived from Lake Maurepas via Pass Manchac. Lake
Pontchartrain thus exhibits a strong horizontal salinity gradient with lower values (1.2 ‰)
in the west and higher values (5.4 ‰) in the east (Swenson 1980b).

Figure 2.1. Geographic area of Lake Pontchartrain (1,637 km2), located in southeastern
Louisiana, shown as the red area of the inset and light blue area of the figure. Map also
shows the location of important landmark features, including: Bonnet Carré Spillway (BC
Spillway), Causeway Bridge (CW Bridge), Highway 11 Bridge (Hwy 11), I-10 Twin
Span Bridge (I-10), Pass Manchac (M), Inner Harbor Navigation Canal (IHNC), Chef
Menteur Pass (CM), and Rigolets Pass (R).
Due to the generally uniform, shallow depth of Lake Pontchartrain, sediment
resuspension occurs at wind speeds of only 6.7 ms-1 (Swenson 1980b), giving rise to a
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highly turbid system with values ranging between 5.8 and 9.3 NTUs (Xu and Wu 2006).
Overall Lake Pontchartrain is a well-mixed estuary, with dissolved oxygen
concentrations varying between 5.6 and 10.3 mgL-1 (Schurtz and St. Pe 1984). Although
hypoxic zones as low as 1.4 mgL-1 have been recorded near the mouth of the IHNC, this
was typically the result of an intruding saltwater wedge (Sikora and Sikora 1982;
McCorquodale et al. 2002) originiating from the Mississippi River Gulf Outlet (MRGO),
which periodically extended up to 250 km2 (Poirrier 1978; Georgiou and McCorquodale
2002). However, the Army Corps of Engineers (ACOE) decided to close the navigation
structure in 2009 due to the impact of Hurricane Katrina on the city of New Orleans
(Kates et al. 2006).
Characteristic of most estuaries, Lake Pontchartrain is evidently a highly dynamic
system as local environmental conditions are steadily changing. All range test studies
discussed below were strategically designed to encompass as much of this inherent
variability as logistically possible.

2.2.2. Acoustic Array Design
Short-term range test
A series of three short-term range tests were conducted from 5 November 2012 to
9 November 2012 in the western (30.2054°N, 90.3485°W), central (30.1801°N,
90.1267°W), and eastern (30.1797°N, 89.8544°W) regions of Lake Pontchartrain using
procedures recommended by Pincock (2009). Three distinct locations were chosen to
determine whether acoustic range varied substantially with distance across the system.
Ten stationary acoustic receivers (VR2W-69 kHz, Vemco Division AMIRIX Systems
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Inc., Nova Scotia, Canada2) were deployed near the surface with hydrophones oriented
downwards, using a buoy mooring system3. Receivers were specifically deployed to
maintain line of sight with transmitters and were spaced 0 m, 50 m, and at equal 100 m
intervals thereafter to a total distance of 850 m (Figure 2.2).

Figure 2.2. Locations of short-term range testing conducted in three distinct regions of
Lake Pontchartrain as denoted by the large dotted circles (pink—West; blue—Central;
green—East). The cross within each inset shows the positions of the range test transmitter
(V13-1H) and 0-m receiver for each respective region. The small gray circles show all
subsequent receivers used during the range test: 50 m, 150 m, 350 m, 450 m, 550 m, 650
m, 750 m, and 850 m.
2

All acoustic receivers and transmitters were obtained from Vemco Division AMIRIX
Systems Inc., Nova Scotia, Canada unless otherwise noted.
3
Refer to Section 3.2.3 Receiver Mooring and Mounting Equipment for a detailed review
of the equipment used to deploy acoustic receivers throughout this study.
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A fixed delay range test transmitter (V13-1H, 156 dB, 30 s code repeat rate, 3.022 s burst
length) was attached to the buoy line approximately 1 m below the receiver near midwater column (~2.5 m). The test was allowed to continue uninterrupted for a period of at
least 24 hours (h) and was then subsequently moved to the adjacent region. Depth at all
range test locations was ~5 m. Study duration ranged between 24 h and 48 h from
deployment to retrieval and was largely a factor of inclement weather (Table 2.1).

Table 2.1. Date and time indicates the duration of all short-term range tests. Surface and
bottom environmental conditions were recorded at the 0-m receiver station for all regions
with a handheld multi-parameter water quality sonde (YSI Professional Plus, Yellow
Springs, OH). Meteorological parameters were obtained from the National Weather
Service (NWS) Marine Forecasts (www.nws.noaa.gov).
Time
(CDT)

Region

11/5/12

12:55

West

11/7/12

10:14

11/7/12

11:57

Central

11/8/12
11/8/12

12:22
15:16

East

11/9/12

15:09

Date

Depth
(m)
0.3
3
0.3
3
0.3
3
0.3
0.3
3
0.3
3

Water
Temp
(˚C)
19.5
19.4
18
18.1
18.5
18.6
18.1
17.6
18.3
17.4
17.4

DO
(mgL-1)

Sal
(‰)

8.5
8.81
8.74
9.51
9.22
9.17
9.03
9.32
9.13
9.4
9.69

5.21
4.78
5.54
5.59
7.06
7.06
7.2
7.03
5.69
6.95
6.9

Wind
Spd
(ms-1)
0.9
0.9
1.3
1.3
0.4
0.4
0.4
1.6
1.6
2.3
2.3

Wind
Direction
(˚)
337.5
337.5
315
315
112.5
112.5
112.5
90
90
90
90

Meteorological
Conditions
Partly Cloudy
Clear
Partly Cloudy
Partly Cloudy
Clear
Clear

Tidal inlet range tests
Short-term range tests were also performed after the initial pilot study to
determine the likelihood that telemetered fish could swim through acoustic gates
undetected. Four independent tests were conducted for a 4- to 8-day (d) period between
August and December of 2013 in each of the four major exit routes of Lake
Pontchartrain, Rigolets Pass (30.1721°N, 89.7341°W), Chef Menteur Pass (30.0843°N,
89.7931°W), the IHNC (30.0224°N, 90.0309°W), and Pass Manchac (30.2966°N,
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90.3112°W), respectively (Table 2.2). Two fixed delay range test transmitters (V16-1L,
150 dB, 30 s code repeat rate, 3.201 s burst length; V13-1H, 156 dB, 30 s code repeat
rate, 3.022 s burst length) were activated 15 seconds (s) apart to allow maximum time
separation between transmissions before being secured to a stainless steel cable.

Table 2.2. Details of short-term range tests conducted at acoustic gates deployed in Lake
Pontchartrain.
Location
Rigolets Pass
(30.1721°N, 89.7341°W)

Transmitter
V16-1L
(150 dB)

Chef Menteur Pass
(30.0843°N, 89.7931°W)

V13-1H
(156 dB)
V16-1L
(150 dB)

IHNC
(30.0224°N, 90.0309°W)

V13-1H
(156 dB)
V16-1L
(150 dB)

Pass Manchac
(30.2966°N, 90.3112°W)

V13-1H
(156 dB)
V16-1L
(150 dB)
V13-1H
(156 dB)

Test period

Receiver distances (m)

8/16/13 – 8/20/13
(96 h)

240, 560, 880

8/29/13 – 9/06/13
(188 h)

80, 300

9/13/13 – 9/20/13
(171 h)

210

12/5/2013 – 12/11/13
(142 h)

380

A 142 g weight was fastened to the end of the cable to maintain vertical orientation and
the assembly was subsequently attached to a channel marker near the shoreline of each
inlet with an eyebolt (Figure 2.3). The tags were deployed near mid-water column (~1 m
apart), on the mid-channel side of the channel marker to ensure direct line of sight with
acoustic gate receivers. Depth at all locations ranged from 10 to 90 m. Tags were not
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towed through acoustic gates to mimic fish passage, as is done in many studies4
(Humston et al. 2005; Hedger et al. 2008; Callihan 2011) so as to avoid transmission
interference created by boat engine noise and propeller wash.

V13-1H

V16-1L

Figure 2.3. Tag mooring design used to conduct short-term range tests at acoustic gates.
The two fixed delay transmitters (V16-1L; V13-1H) were attached to a stainless steel
cable (~ 1 m apart) as shown by black arrows. The cable assembly was mounted to a
channel marker via an eyebolt (upper left corner).
Long-term range test
Following short-term range testing, two fixed delay sentinel transmitters (V16-1L,
150 dB, 600 s code repeat rate, 2.6 s precise burst length; V13-1H, 153 dB, 600 s code
repeat rate, 2.6 s precise burst length) were deployed at a fixed distance from a line of
four stationary receivers (VR2W-69 kHz) in Lake Pontchartrain (30.2396°N,
89.9842°W), and were spaced accordingly: 0 m, 500 m, 700 m, and 900 m, respectively
(Figure 2.4). The 0-m reference receiver was permanently mounted to a channel marker

4

Refer to Table 4 in Kessel et al. (2014) for a comprehensive overview of studies
employing vessel-based range testing methods.
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with an aluminum bracket mount, whereas all other receivers were deployed using a buoy
mooring system5. All receivers were positioned in the middle water column (~2.5 m)
with hydrophones oriented downwards to reduce interference from surface noise (Heupel
et al. 2006).

Figure 2.4. Location of long-term range test conducted in Lake Pontchartrain as depicted
by the red circles. Blue triangles denote water quality instrument locations and the green
square denotes the NOAA National Climatic Data Center (NCDC) New Orleans (NO)
Lakefront Airport station from which environmental and meteorological data were
obtained, respectively. Orange dots represent the 90 acoustic receivers deployed in the
fish monitoring array as discussed in Chapter 3, with a 500-m radius for spatial reference.
The inset shows the location of the channel marker to which the reference transmitters
and 0-m receiver were mounted (red cross), as well as the remaining receivers used in the

5

Refer to Section 3.2.3 Receiver Mooring and Mounting Equipment for a detailed review
of the equipment used to deploy acoustic receivers throughout this study.
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long-term range test (gray circles), which were spaced 500 m, 700 m, and 900 m from the
reference transmitters.
Receivers were applied with anti-fouling paint (TrinidadSR, non-ablative, 70% cuprous
oxide) prior to deployment to reduce marine growth, such as barnacles, algae, and
hydroids (Heupel et al. 2008), and self-fusing silicone tape was wrapped around the
receiver to avoid marine fouling and debris within the communication key portal. Routine
servicing trips were conducted every 6 to 8 weeks with the Louisiana Department of
Wildlife and Fisheries (LDWF) personnel to perform general maintenance on acoustic
receivers (i.e., cleaning, downloading, and reinitializing).
Sentinel tag power outputs were specifically chosen to match the low (V9-2H)
and high power (V13-1H) fish transmitters used in this study (Table 2.3). Due to the long
deployment period (370 d), sentinel tags were programmed with a precise delay to
mitigate collision effects. For example, although a fixed delay indicates that transmitters
will only ping at a specific interval (e.g., 600 s), the crystalline transducer can drift up to
4 s per day, depending on water temperature. This will eventually result in collisions over
an extended period of time until the transmissions between the two reference tags no
longer overlap6 (How and de Lestang 2012; Matthew Holland, Vemco Division AMIRIX
Systems, Inc., personal communication). To further ensure that collision potential was
minimized, tag activation was offset by removing the magnet from the V16-1L
transmitter first, then subsequently removing the magnet from the V13-1H transmitter
300 s later. Reference transmitters were dipped in anti-fouling paint (TrinidadSR, non-

6

Refer to Figure 2.10 of this section for a detailed explanation of the mechanism by
which two fixed delay transmitters with equal delay periods, but differing burst lengths
result in collision events.
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ablative, 70% cuprous oxide), and permanently mounted to the same channel marker as
the 0-m receiver with a custom-designed fiberglass mount.
Table 2.3. Transmitter specifications of random delay acoustic tags used to monitor fish
distribution and movement patterns (refer to Chapters 3 and 4) as provided by the
manufacturer. Nominal delay is the average time interval elapsed between consecutive
transmissions, whereas power output is the strength of the signal transmitted as measured
in dB. Estimated tag life refers to the time period the battery is expected to remain active.
Tag Type
V9-2H
V9TP-2H
V13-1H
V13TP-1H

Nominal Delay (s)
180
180
180
225

Power Output (dB)
151
150
156
158

Estimated Tag Life (d)
282
222
539
518

Control tags were separated by approximately 1 m and deployed near mid-water column
(~2.5 m, given an average depth of 5 m; Figure 2.5). All equipment was deployed from
11 December 2013 to 16 December 2014, for a 370-d period. The acoustic receiver at the
0-m station of the long-term range test was lost on 27 August 2014 (259-d deployment),
and thus no data were collected at this location for the remaining 111 days of the study.

V13-1H
V16-1L

Figure 2.5. Sentinel tag mooring design used to conduct long-term range test. Reference
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transmitters (V16-1L; V13-1H) were dipped in anti-fouling paint and attached to the
fiberglass mounting bracket (~1 m apart) using stainless steel cable ties as shown by
black arrows. The mounting bracket was subsequently bolted to a channel marker near
mid-water column (~2.5 m).
2.2.3. Environmental Data Collection

Short-term range test
A variety of environmental data were collected to determine whether ambient
conditions were similar across the three independent study sites. Water quality was
monitored immediately following both deployment and retrieval of short-term range tests
using a handheld multi-parameter sonde (YSI Professional Plus, Yellow Springs, OH).
Dissolved oxygen (mgL-1), temperature (°C), and salinity (‰) were collected at surface
(0.3 m) and bottom (3 m) layers of the water column to determine whether stratified
conditions were present. No evidence of stratification was found, so surface and bottom
readings were pooled. Hourly wind speeds (ms-1) were also obtained from the NO
Lakefront Airport NCDC station (www.ncdc.noaa.gov) for the duration of the study.

Long-term range test
High-resolution water quality information was continuously monitored with two
multi-parameter sondes (YSI 6600V2; Yellow Springs, OH) located in the westernmost
(30.2925°N, 90.3032°W) and easternmost (30.1899°N, 89.7704°W) regions of Lake
Pontchartrain. The sondes were programmed to record dissolved oxygen (mgL-1),
turbidity (NTU), temperature (°C), and salinity (‰) at 30-minute intervals and were
tethered to a stainless steel cable within a PVC pipe (2.5 m long, 15 cm diameter) that
was bolted to a channel marker (Figure 2.6). A perforated pipe with 2.5 cm diameter
holes was used as a means to improve water flow, and therefore prevent stagnation. Both
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instruments were serviced and calibrated every 6-8 weeks and were deployed for the
duration of the long-term range test.
The PVC pipe was covered with anti-fouling paint (TrinidadSR, non-ablative,
70% cuprous oxide) and an anti-fouling kit with copper components was used to reduce
marine growth. Despite these efforts, biofouling led to unavoidable data inaccuracies near
the end of the calibration period. This was especially noticeable in turbidity
measurements, for which values steadily increased to greater than 1000 NTUs after ~ 4
weeks of deployment. All turbidity outliers and other anomalous readings were filtered
and removed from the water quality data7. Daily averages of the environmental
parameters collected by the two sondes were used to represent ambient conditions at the
long-term range test site8.

Figure 2.6. Mooring design used to deploy two multi-parameter water quality sondes
(YSI 6600V2; Yellow Springs, OH) continuously for the duration of the long-term range
7

Refer to Section A.1 Analysis of Water Quality Data for an overview of the methods
used to screen all observations for outliers as well as obtain predicted values to replace
erroneous turbidity measurements.
8
Refer to Section A.2 Assessment of Regional Differences in Water Quality for a formal
evaluation justifying this substitution as an accurate representation of conditions present
at the study site.
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test study. The instruments were programmed to record dissolved oxygen (mgL-1),
turbidity (NTU), temperature (°C), and salinity (‰) and were placed inside a perforated
PVC drain pipe, as shown in the figure, to avoid damage.
Continuous meteorological data, including wind speed (ms-1), wind direction (°),
and precipitation (mm), were obtained from the NO Lakefront Airport NCDC station
(www.ncdc.noaa.gov) over the period of the long-term range test. Wind speed (WndSp)
and direction (WndDir) were converted to respective northward and eastward horizontal
wind vector components using the following equations:
𝑊𝑛𝑑𝐷𝑖𝑟
)
180

Equation (2.2)

𝑊𝑛𝑑𝐷𝑖𝑟
)
180

Equation (2.3)

𝑁𝑊𝑖𝑛𝑑 = 𝑊𝑛𝑑𝑆𝑝𝑑 ∗ cos (𝜋 ∗
𝐸𝑊𝑖𝑛𝑑 = 𝑊𝑛𝑑𝑆𝑝𝑑 ∗ sin (𝜋 ∗

2.2.4. Data Analysis
Prior to data analysis, all acoustic receiver data were corrected for temporal drift
assuming a linear relationship between time at initialization and time at download (VUE
Software, v2.2.2; www.vemco.com). Whereas false detections (i.e., detection of an
identification number that is not actually present) typically make up < 1% of all detection
data (Heupel et al. 2005), transmission errors resulting from either acoustic noise or
distortion (e.g., scattering, ray bending, and echoing), as well as collisions (i.e.,
transmissions from multiple tags with overlapping sequences) are unavoidable. Spurious
detections were also removed from the data using the built-in False Detection Analysis
(FDA) tool that operates under the premise that more long intervals are expected than
short intervals between successive pings of a single transmitter on a given receiver
(Pincock 2012). As such, interval settings used in the FDA Analyzer for each range test
were based on that suggested by Vemco, specifically that the short interval be set at 30
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times the nominal delay and the long interval at 720 times the nominal delay (Table 2.4).
Acoustic data were then adjusted for daylight savings time by converting detection times
from a Coordinated Universal Time (UTC) zone to Central Daylight Time (CDT) zone to
reflect local time.

Table 2.4. Short and long interval settings (hours) chosen for use in the FDA Analyzer
for each range test experiment as recommended by Pincock (2012). Nominal delay (s) is
the average time interval elapsed between consecutive transmissions. The long and short
intervals are defined on a receiver to transmitter basis as the number of occurrences
exceeding the specified time thresholds (i.e., Long Interval = 720*nominal delay and
Short Interval = 30*nominal delay).
Range Test
Short-term
Tidal inlet
Long-term

Nominal Delay (s)
30
30
600

Long Interval (h)
6
6
120

Short Interval (h)
0.25
0.25
5

Short-term range test
Hourly detection rates for each of the three regional tests (West, Central, and
East) were first calculated to determine the distance at which receiver performance
rapidly declines. To objectively inform the most appropriate spacing between adjacent
receivers in the Lake Pontchartrain array, mean hourly detection rates were calculated
separately for the ten independent receivers (0 m, 50 m, 150 m, 250 m, 350 m, 450 m,
550 m, 650 m, 750 m, and 850 m) by summing the number of detections in each hour
over the course of the short-term range test, and averaging across the hours.

Tidal inlet range tests
Prior to assessing the reliability of acoustic gates to monitor fish migration, a
collision analysis was conducted to avoid confounding the estimation of DE. Although
two fixed delay transmitters were employed throughout this study, tags with varying
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burst lengths will eventually result in signal collisions occurring when transmissions from
multiple tags are received simultaneously. This intermittent overlap of transmissions
generally returns invalid code sequences that are rejected by the receiver and, thus,
ensues in periods of no detection that bias DE low if unaccounted for. More specifically,
the coded transmitters used in this study (V16-1L, V13-1H) operate by emitting a series
of eight pings that contain unique identification and error-checking information between
intervals (Figure 2.7). The first interval is referred to as the sync period and provides
detailed instructions to the receiver required for recognition. Subsequent intervals encode
information unique to each transmitter ID, whereas the last two intervals comprise the
error detection code (EDC). The receiver decodes the EDC using an error-checking
algorithm to determine the validity of a particular transmission sequence before recording
the transmission; failure of the algorithm results in non-detection. The length of time
required to complete the full transmission sequence is referred to as the burst length.

Burst Length

Transmission
Sequence

Sync

EDC

Figure 2.7. Transmission sequence of a typical coded transmitter. Each transmission
consists of a series of 8 pings that encodes information through the time interval between
successive pings (modified from Pincock et al. 2010).
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If deployed simultaneously, fixed delay transmitters with different burst lengths cause the
time separation between transmissions of each tag to slowly converge, ultimately leading
to collision periods. For example, the V16-1L and V13-1H range test tags used in this
study were activated 15 s apart and were programmed to transmit at set intervals of 30 s
with burst lengths of 3.201 s and 3.022 s, respectively. This means that the time
difference between transmissions of each tag will decrease by 179 milliseconds (ms)
every transmission, resulting in collisions of the two tags every 1 hour and 41 minutes
and 49 seconds (Figure 2.8). The tags will remain in collision for a time period of 21
minutes and 31 seconds until there is no overlap between the transmission sequences.

Figure 2.8. Theoretical representation of the transmission history for the two fixed delay
transmitters used to conduct range tests in tidal inlets. Gray bars represent transmissions
from the V16-1L tag with a burst length of 3.201 s, and black ovals represent
transmissions from the V13-1H tag with a burst length of 3.022 s. Transmissions shown
in red represent collision periods.

The time difference between successive detections of each tag type at the nearest receiver
(80 m in Chef Menteur Pass, 210 m in IHNC, 240 m in Rigolets Pass, and 380 m in Pass
Manchac) was calculated to identify the time periods during which the two transmitters
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were colliding. Collision periods were easily recognizable due to their cyclic oscillatory
patterns whereby the time separation gradually decreased to approximately 3 s and then
subsequently increased to approximately 16.5 s (Figure 2.9), equating to an overall
collision rate of 19% (Dale Webber, Vemco Division AMIRIX Systems Inc., personal
communication). The gap in detections between the descending and ascending portions of
the time-series were assumed to be periods of collision in which no detections were
recorded and were omitted from future analysis.

Figure 2.9. Time separation between successive transmissions of the two fixed delay
transmitters (V16-1L; V13-1H) calculated for the 210-m receiver in the IHNC acoustic
gate over a 24-h period. The time difference is calculated as the seconds elapsed (seconds
apart) between detection of the V16-1L tag and the V13-1H tag as denoted by black dots.
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Red bars at the bottom of the figure represent collision periods that were omitted from the
analysis.

For passage studies, it is important to distinguish between overall line
performance and probability of detection, where I define transmission probability of
detection as the probability that an individual transmission will be detected at a particular
range under certain acoustic conditions, and line probability of detection as the
percentage of fish that will be detected by an acoustic gate (Pincock 2009). Collision-free
hourly DE was the metric used to determine the probability of detection with an average
hourly DE of 50% or higher indicating reasonable performance (i.e., 50% of
transmissions emitted from a tag would be reliably detected by a given receiver). Hourly
DE was calculated using Equation 2.1, where the expected number of hourly
transmissions (Ne) was determined by subtracting the total number of seconds in one
hour from the number of seconds assumed to be within collision during that same hour
(omission time) and dividing by the sum of the burst length and fixed delay period as
follows:
𝑁𝑒𝑉16−1𝐿 =
𝑁𝑒𝑉13−1𝐻 =

3600−𝑜𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

Equation (2.4)

30+3.201
3600−𝑜𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

Equation (2.5)

30+3.022

Adjusting the numerator for the time period omitted in each given hour ensured that DE
was only evaluated for collision free periods (i.e., DE was not biased by 0% detection
efficiencies during collision periods).
The performance of an acoustic line is a function of receiver detection radius,
nominal transmitter delay, swimming speed of tagged individuals, and the number of fish
within detection range of receivers (Heupel et al. 2005). For instance, if the species’
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maximum swimming speed (ms-1) is fast enough to move out of range before the
transmitter pings due to a long nominal delay, the individual may pass through the curtain
undetected and consequently bias the estimated emigration rate low. Maximum
theoretical swimming speeds (ms-1) were calculated for each transmitter type used during
tag implantation of spotted seatrout9 by assuming a maximum sustained swimming speed
of one to two body lengths per second (Helfman et al. 2000). More specifically, the total
length (TL) of fish implanted with V9-2H transmitters ranged from 292.1 mm to 467.4
mm, whereas those implanted with V13-1H and V13TP-1H transmitters ranged from
365.8 to 469.9 mm and 454.7 to 558.8 mm, respectively. The above size ranges translate
to theoretical maximum swimming speeds between 0.29 and 0.93 ms-1 for the V9-2H
transmitter, 0.37 and 0.94 ms-1 for the V13-1H transmitter, and 0.45 and 1.12 ms-1 for
the V13TP-1H transmitter (Table 2.5). Tidal current velocities could potentially reduce
the time required for a migrating spotted seatrout to transect an acoustic gate, and thus
remain within detection range. Tidal currents, however, in the major passes of Lake
Pontchartrain are relatively small, ranging from only 0.33 to 0.5 ms-1 on the flood tide
and from 0.35 to 0.45 ms-1 on the ebb tide (Swenson 1980a).
Table 2.5. Theoretical maximum and minimum swimming speeds (ms-1) attained by
assuming a maximum sustained swimming speed of one to two body lengths per second
(Helfman et al. 2000). Calculations were based on the size range of fish implanted with
each of three transmitter types (V9-2H; V13-1H; V13TP-1H).
Transmitter
V9-2H
V13-1H
V13TP-1H

Max length
(m)
0.47
0.47
0.56

Min length
(m)
0.29
0.37
0.45

9

Max swim speed
(ms-1)
0.93
0.94
1.12

Min swim speed
(ms-1)
0.29
0.37
0.45

Refer to Section 3.2.4 Fish Capture and Transmitter Implantation for a detailed review
of the transmitter specifications used to tag spotted seatrout throughout this study.
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Accordingly, maximum swimming speeds would increase at most by 0.5 ms-1 to a net
speed (i.e., current velocity + swimming speed) of 0.8 – 1.4 ms-1 for V9-2H telemetered
fish, 0.9 – 1.4 ms-1 for V13-1H telemetered fish, and 1.0 – 1.6 ms-1 for V13TP-1H
telemetered fish. These attainable swimming speeds are still generally less than those
required to pass through the inlet gates undetected; therefore the effect on the ability of
the acoustic line to detect passing individuals is assumed to be negligible. Given that
more than 5 individuals were detected at a given station on any one day only 0.8% of the
time, the collision potential factor was assumed to be negligible during this study.
Detection radius is defined as the distance at which > 50% of expected transmissions are
received (Pincock 2009).
Based on the above criteria, a modification of the approach provided by Welch et
al. (2002) was used to determine the average number of transmissions emitted within
detection range of the acoustic gate as follows:
𝑇𝑓𝑟𝑒𝑞 =

𝐿𝑠

Equation (2.6),

𝑠𝑚𝑎𝑥 ∙𝑁𝐷

where Ls is defined as the shortest straight-line path a tagged individual could
theoretically travel, smax is the maximum sustained swimming speed derived from
Helfman et al. (2000), and ND is the nominal delay of the transmitter type (V9-2H; V131H; V13TP-1H). It is important to note that this calculation is based on the minimum
amount of time a tagged fish traveling at a maximum sustained swimming speed is
expected to remain within detection range of the acoustic gate, assuming the shortest
straight-line path (Figure 2.10); following this logic, 𝑇𝑓𝑟𝑒𝑞 is then merely a function of
the nominal delay of each transmitter type.
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D
r
Ls

receiver separation distance
detection radius at > 50% DE
shortest straight-line path

Figure 2.10. Conceptual diagram illustrating the geometrical configuration of an acoustic
gate monitoring array. Small black dots represent the position of individual receivers,
whereas the radii of the circles surrounding the dots represent the distance at which 50%
DE occurs (r). The shortest straight-line path a tagged individual could theoretically
travel (Ls) is directly dependent on the detection radius (r) as well as the separation
distance (D) of adjacent receivers. Given Ls it is possible to calculate the minimum
amount of time a tagged individual will be expected to remain within detection range. For
example, a spotted seatrout traveling at 0.8 ms-1, assuming Ls = 200 m in the example
given results in the fish traveling within the detection radius (r) for a minimum of 4
minutes (modified from Welch et al. 2002).

According to Pincock (2009), binomial probability theory was adopted to predict
the likelihood that telemetered fish could swim through acoustic gates undetected where
the probability of obtaining exactly x successes in n trials is given by the following:
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𝑛
Pr(𝑋 = 𝑥) = ( ) 𝑝 𝑥 (1 − 𝑝)𝑛−𝑥
𝑥

Equation (2.7),

where n is equal to Tfreq as defined above, x is equal to zero recorded transmissions, and p
is the probability of recording a detection. Two major assumptions of this method are: 1)
that the probability of detecting a tagged individual at any distance within detection range
of an acoustic receiver is uniform (i.e., equal probability), and 2) that the range test was
conducted during the worst possible conditions.

Long-term range test
Although the sentinel transmitters used during this study were programmed with
equivalent precise delays (2.6 s for both the V16-1L and V13-1H tags), collisions were
still possible due to potential drift of the crystalline transducers over extended
deployments as previously noted. Consequently, a collision analysis was performed using
the same methods as those described in the Tidal inlet range tests portion of this section.
Given that all of the V16-1L transmissions occurred less than 300 s after the V13-1H
transmissions, but none were detected less than 222 s apart (Figure 2.11), it was assumed
that collisions between the two reference transmitters were not problematic. Moreover, as
the same general pattern was detected for all four receivers (0, 500, 700, and 900 m), a
simple linear regression line was fit to the daily mean time separation across all stations,
revealing a time drift of -0.1104 (i.e., the time between consecutive transmissions was
estimated to decrease by 0.1104 sday-1).
The performance of autonomous receivers used throughout the long-term range
test was evaluated to determine the significance of environmental noise and collision
factors as potential confounding variables. Although there were no obvious collisions
between the two sentinel transmitters, collisions with telemetered fish were still possible

44

considering that the two studies were conducted simultaneously. Diagnostic parameters
recorded in event files from the VR2W acoustic receivers, including: 1) the number of
valid code detections on each code space (A69-1303, A69-9001/9002, A69-1601), 2) the
number of codes rejected due to invalid EDCs, 3) the number of valid pings recorded,
and 4) the number of valid sync intervals, were used as a basis to develop three
quantitative performance metrics (Table 2.6).

Figure 2.11. Time separation between successive transmissions of the two sentinel
transmitters (V16-1L; V13-1H) calculated for each of the four receiver stations (0, 500,
700, and 900 m) over the 370-d long-term range test study period. The time difference is
calculated as the seconds elapsed (seconds apart) between detection of the V16-1L tag
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and the V13-1H tag as denoted by the black dots. Only periods when both tags were
detected in sequential order are shown.
It is known that a large number of transmitters within range of a receiver can lead to high
levels of signal collisions (Voegeli et al. 1998; Lacroix and Voegeli 2000), with
approximately 250 detections per hour generating a 50% collision rate (Dale Webber,
Vemco Division AMIRIX Systems Inc., personal communication). Therefore, the mean
̅ hrly ), and the daily number of
hourly detections of all transmitters on a given day (D
unique codes detected (Tagfreq ) were deemed appropriate measures of collision potential.

Table 2.6. Three metrics used to evaluate the performance of the VR2W acoustic receiver
line (0, 500, 700, and 900 m) employed to conduct the long-term range test study. Note
that n is the total number of hours a receiver was deployed each day, Ddaily is the number
of daily detections on each code space (A69-1303, A69-9001/9002, A69-1601), Pdaily is
the number of daily pings recorded, and cl is the number of individual pings used to
complete a code sequence.
Performance Metric
̅ hrly
D
Tagfreq

NQ

Formulae
𝑎𝑙𝑙 ℎ𝑜𝑢𝑟𝑙𝑦 𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛𝑠
∑(
)
𝑛

Relevancy
Calculated as a proxy for
collision potential

∑(𝑑𝑎𝑖𝑙𝑦 𝑢𝑛𝑖𝑞𝑢𝑒 𝑐𝑜𝑑𝑒 𝑑𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛𝑠) Calculated as a proxy for
collision potential
𝑃𝑑𝑎𝑖𝑙𝑦 − (𝐷𝑑𝑎𝑖𝑙𝑦 ∗ 𝑐𝑙)

Calculated as a proxy for
environmental noise

Similar to Simpfendorfer et al. (2008), the Noise Quotient (NQ) metric was considered a
proxy for environmental noise and was calculated using the following equation:
𝑁𝑄 = 𝑃𝑑𝑎𝑖𝑙𝑦 − (𝐷𝑑𝑎𝑖𝑙𝑦 ∗ 𝑐𝑙)

Equation (2.8),

where Pdaily is the number of daily pings recorded, cl is the number of individual pings
used to complete a code sequence (cl = 8 for A69-1303 and A69-1601 transmitters; cl =
10 for A69-9001/9002 transmitters), and Ddaily is the number of daily detections on each
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code space. A high NQ, therefore, signifies that more individual pings were recorded than
expected based on the number of detections alone, suggesting that noise was a
contributing factor.
An exploratory correlation analysis was conducted in R 3.2.1 (R Core Team
2015) to examine the relationship of the three performance metrics with diagnostic
parameters, namely the number of daily detections (Ddaily) and the number of daily
̅ hrly and
rejections (Rdaily). More specifically, collision potential is likely to be high if D
Tagfreq are positively correlated with rejections (i.e., a high number of rejections is
associated with larger detection frequencies and number of tags present within detection
range of a receiver). This occurs because saturated acoustic environments typically result
in overlapping transmissions, leading to the corruption of valid code sequences (Figure
2.12).

Figure 2.12. Theoretical representation of an invalid code sequence produced by collision
with another transmitter. Blue bars denote the 8-ping burst of Transmitter 1, whereas the
red bars denote the 8-ping burst of Transmitter 2. Purple bars represent the invalid 8-ping
sequence of a ‘hybrid detection’ resulting from the overlapping pings of Transmitter 1
and Transmitter 2 (modified from Pincock 2012).

47

When a receiver encounters these ‘hybrid transmissions’ the error-checking algorithm
fails and the event is logged as a rejection. Noise is considered to have an impact on
receiver performance if NQ is highly correlated with Ddaily (i.e., less detections are
recorded in noisy environments). As no evidence of non-linearity was found between the
variable pairs, Pearson’s coefficient was used (Quinn and Keough 2002).
To further evaluate the performance of receivers, daily DE was calculated for
each transmitter by distance combination using Equation 2.1. The expected number of
daily transmissions (Ne) was equal to 143 (the total number of seconds in one day,
86,400 s, divided by the sum of the burst length and fixed delay period, 600 s + 2.6 s),
whereas Nr is the daily number of recorded detections. Given the binary nature of
acoustic telemetry data (i.e., a transmitter is either detected, 1; or not detected, 0), the
response was modeled probabilistically using multiple logistic regression in R 3.2.1 (R
Core Team 2015). To identify the relationship between DE and predictors of interest
(Table 2.7) the following generalized linear model (GLM) with logit link was formulated:
𝜋(𝑥)
𝑙𝑜𝑔𝑖𝑡[𝜋(𝑥)] = 𝑙𝑜𝑔 (
)=
Model (2.1)
1 − 𝜋(𝑥)
𝛼 + 𝛽(𝑁𝑄) + 𝛽(𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) + 𝛽(𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦) + 𝛽(𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦)
+ 𝛽(𝑁𝑊𝑖𝑛𝑑) + 𝛽(𝐸𝑊𝑖𝑛𝑑) + 𝛽(𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛) + 𝛽(𝑇𝑖𝑚𝑒 𝐷𝑒𝑝𝑙𝑜𝑦𝑒𝑑)
+𝛽(𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒) + 𝛽(𝑇𝑎𝑔 𝑇𝑦𝑝𝑒𝑖 ) + 𝛽(𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝑇𝑎𝑔 𝑇𝑦𝑝𝑒𝑖 ) + 𝜀
with the number of successes, 𝜋(𝑥), equal to Nr and the number of failures, 1 − 𝜋(𝑥)
equal to Ne – Nr. Time Deployed was included as a proxy for biological fouling of
acoustic equipment. Because the NQ was negatively correlated with the number of daily
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detections (Ddaily)10, NQ was modeled as a covariate to account for variation due to
environmental noise. All continuous regressors were assessed for multicollinearity using
the variance inflation factor (VIF) and condition index (CI) regression diagnostics, in
which VIF > 5 and CI > 30 were considered to be problematic (Neter et al. 1989). A
Pearson product moment correlation was also performed to determine the relationship
between variable pairs. If the pairwise coefficient was ≥ |0.6| then one of the predictors
was removed from the analysis.

Table 2.7. Predictor variables included in the logistic regression analysis.
Predictor

Units

Description
Water temperature averaged
Temperature
°C
over interval
Salinity averaged over
Salinity
Parts per thousand (‰)
interval
Turbidity averaged over
Turbidity
NTUs
interval
Northerly wind velocity
NWind
ms-1
averaged over interval
Easterly wind velocity
EWind
ms-1
averaged over interval
Rainfall averaged over
Precipitation
mm
interval
Expressed as the number of
Time Deployed
d
days from deployment date
Distance between transmitter
Distance
m
and receiver
Power output (dB) of the
V16-1L (150 dB) and V13Tag Type
categorical
1H (153 dB) sentinel
transmitters
*The interval over which variables were calculated is equal to 24 h.

10

Refer to the exploratory correlation analysis conducted on performance metrics and
receiver diagnostics in Section 2.3 Results of this chapter.
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Evidence of overdispersion was found within the data11, justifying the use of a
quasi-binomial error structure, which accounts for variance inflation by adjusting the
standard errors of the coefficients, thereby penalizing the p-values accordingly (Zuur et
al. 2009). The quasi-binomial family uses the same modeling framework (link = logit),
but describes the relationship between the mean [E(X) = np] and variance of a binomial
distribution [Var(X) = np(1-p)] by introducing a scale parameter to correct variance
estimation [Var(X) = ønp(1-p)]. Because this modeling technique is based on pseudolikelihood estimation (QMLE) rather than a true maximum likelihood (MLE) approach,
standard goodness of fit (GOF) measures are unavailable. Consequently, model fit was
assessed graphically with half-normal plots (Venezuela et al. 2007) using the ‘hnp’
package (Moral et al. 2015) in R 2.1.3 (R Core Team 2015), in which the plotted
residuals are likely to fall within the simulated envelope if the fitted model is correctly
specified. Model adequacy was examined for a series of nested models using the quasiAIC (QAIC) and ΔQAIC selection criteria. QAIC and ΔQAIC are analogous to their
maximum likelihood based AIC counterparts while correcting for overdispersion as
shown by their computations:
𝑄𝐴𝐼𝐶 = −2𝑙𝑜𝑔[ℒ(𝜃̂|𝑦]/𝑐̂ + 2𝑘

Equation (2.9)

∆𝑄𝐴𝐼𝐶 = 𝑄𝐴𝐼𝐶𝑖 − 𝑄𝐴𝐼𝐶𝑚𝑖𝑛

Equation (2.10),

where ℒ is the maximum likelihood estimation of θ̂ given the observed data (y), ĉ is the
dispersion parameter (χ2 /df), k is the number of parameters estimated in the model, and
QAICmin is the model with the minimum QAIC score. As such QAIC avoids overfitting by

11

Refer to Section A.3 Evaluation of Logistic Regression Models for a more detailed
review.
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assessing relative model fit while penalizing for the number of parameters used to fit the
model (Burnham and Anderson 2002). Similarly, ΔQAIC provides a measure of
comparison between candidate models and the model that is considered to best fit the
data. All statistical analyses were evaluated at a significance level of α=0.05.
2.3. RESULTS
Short-term range test
The mean hourly detection rate rapidly decreased after a distance of 650 m for all
regions (Figure 2.13). (The 550-m receiver malfunctioned during the deployments, and
thus detection rates were erroneously low.) Although the detection pattern is comparable
across distance for all regions, detection range is generally highest in the West region (>
104 detectionshr-1) and lowest in the Central region (< 88 detectionshr-1). Although a
monotonic decrease with distance is theoretically expected, detection rates tended to
increase from 0 to 50 m for all regions, as well as from 450 to 650 m during the Central
and West range tests, excluding the 550-m station. In particular, detection rates were over
50% higher on average at the 50-m station as compared to the 0-m station, and between 6
to 11% higher at the 650-m station as compared to the 450-m station.
Meteorological conditions were similar across deployment periods in each region,
suggesting that receiver performance was not confounded by inclement weather. For
example, hourly mean wind speed ranged from 4.8 to 5.7 ms-1 with winds predominately
from the NNW, N, and ESE in the West, Central, and East regions, respectively (Figure
2.14). Slight variations in water quality were found among regions, with temperature
ranging from 17.4 to 19.5 °C, and dissolved oxygen ranging from 8.50 to 9.69 mgL-1
(Figure 2.15). Although an average salinity range of only 1.83 ‰ was recorded, salinities
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in the West were typically lower (x̅ = 5.28 ‰) relative to the East (x̅ = 6.64 ‰) and
Central (x̅ = 7.11 ‰) regions (Figure 2.15).

Detections / hr

90
Region
West
60
Central
East
30

0 50

150

250

350

450

550

650

750

850

Distance (m)
Figure 2.13. Mean hourly detection rate for each receiver distance (0, 50, 150, 250, 350,
450, 550, 650, 750, and 850 m) by region (pink – West, green – Central, and blue – East).
Error bars represent standard error.
Tidal inlet range tests
Hourly DE was highly variable among the tidal inlets, and was generally lower
for the V13-1H transmitter than the V16-1L transmitter at each distance (Figure 2.16).
For example, whereas mean hourly DE for both tag types was greater than 80% in Chef
Menteur Pass, the IHNC, and Pass Manchac, the highest detection probability in the
Rigolets Pass was on average 60% for the V16-1L transmitter and only 22% on average
for the V13-1H transmitter (Table 2.8). Therefore, detection radius (r) at the Rigolets
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Pass was considered indeterminable for the V13-1H transmitter because the distance at
which DE was at least 50% could not accurately be assigned. A 240-m detection radius
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Figure 2.14. Windrose diagrams showing hourly wind speed (ms-1) and direction (°) over the deployment period of each region
(West, Central and East). The frequency (count) of wind from a particular direction is denoted by the radial length of each ‘spoke’,
with concentric circles representing different counts. Wind speed frequency is denoted by the color scale shown to the right of each
panel.
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for the V16-1L transmitter resulted in nearly complete overlap12 of the three adjacent
receivers deployed in the Rigolets Pass with a shortest straight-line path (Ls) of 352 m
(Figure 2.17).

Figure 2.15. Boxplots summarizing environmental conditions (temperature, dissolved
oxygen, and salinity) recorded by region. Red diamonds in panels represent the mean of
each respective variable.

Assuming that V9-2H telemetered fish travel at maximum sustained swimming speed
(0.93 ms-1) across the Ls passage (352.0 m), and that all transmissions during migration
are equivalent to the nominal delay of the tag specified (180 s), the minimum amount of
time a V9-2H tagged individual is expected to remain within detection range is 293.3 s,

12

A 240-m detection radius resulted in a gap of approximately 30 m between the
shoreline and each end of the acoustic gate.
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equating to a total of two transmissions emitted during this time period. The likelihood of
detecting at least one of the transmissions under this given scenario is thus 84%, meaning
that the probability of non-detection of a telemetered fish as it migrates through the
Rigolets Pass ~16%.

Figure 2.16. Hourly detection efficiency (DE) by receiver distance within each of the
tidal inlets (Rigolets Pass, Chef Menteur Pass, IHNC, and Pass Manchac). The low power
output transmitter (V16-1L; 150 dB) is shown in gray and the high power output
transmitter (V13-1H; 156 dB) is shown in black.

Similarly, based upon the 50% DE threshold, detection radius (r) was determined
to be at least 300 m at the Chef Menteur acoustic gate, 210 m at the IHNC, and 380 m at

56

the Pass Manchac acoustic gate, resulting in complete overlap for both the V16-1L and
V13-1H transmitters, and a Ls of 542.7, 342.4, and 518.4 m, respectively (Figures 2.18,
2.19, 2.20). Following the same procedure, overall line probability of detection exceeded
97% (i.e., the probability of non-detection was < 3%) across the three tidal inlets (Table
2.9).

Table 2.8. Hourly detection efficiency (DE) averaged separately by receiver distance and
transmitter type combination over the duration of each tidal range test. Mean refers to the
mean hourly DE and SD refers to the standard deviation.
Tidal Inlet
Chef Menteur Pass

Distance (m)
80
300

IHNC

210

Pass Manchac

380

Rigolets Pass

240
560
880

Transmitter
V16-1L
V13-1H
V16-1L
V13-1H
V16-1L
V13-1H
V16-1L
V13-1H
V16-1L
V13-1H
V16-1L
V13-1H
V16-1L
V13-1H
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Mean
0.98
0.99
0.93
0.92
0.94
0.84
0.93
0.86
0.60
0.22
0.32
0.06
0.25
0.02

SD
0.03
0.02
0.10
0.11
0.10
0.18
0.15
0.18
0.29
0.25
0.33
0.10
0.29
0.03

Figure 2.17. Geometrical configuration of the Rigolets Pass acoustic gate. Small black
dots represent the position of individual receivers, whereas the radii of the circles
surrounding the dots represent the detection radius (r = 240 m). Red dashed lines denote
the shortest straight-line path (Ls = 352.0 m) a telemetered fish is assumed to have
traveled and gray cross shows the position of the range test transmitters (V16-1L; V131H). The inset provides an overview of the location the tidal range test was conducted, as
shown by the black circles. A uniform transmission detection probability of 60% is
assumed for V9-2H fish tags within detection range of individual receivers.
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Figure 2.18. Geometrical configuration of the Chef Menteur Pass acoustic gate. Small
black dots represent the position of individual receivers, whereas the radii of the circles
surrounding the dots represent the detection radius (r = 300 m). Red dashed line denotes
the shortest straight-line path (Ls = 542.7 m) a telemetered fish is assumed to have
traveled and gray cross shows the position of the range test transmitters (V16-1L; V131H). The inset provides an overview of the location the tidal range test was conducted, as
shown by the black circles. Uniform transmission detection probabilities of 93% and 92%
are assumed for V9-2H and V13-1H fish tags, respectively, within detection range of
individual receivers.

59

Figure 2.19. Geometrical configuration of the IHNC acoustic gate. Small black dots
represent the position of individual receivers, whereas the radii of the circles surrounding
the dots represent the detection radius (r = 210 m). Red dashed line denotes the shortest
straight-line path (Ls = 342.4 m) a telemetered fish is assumed to have traveled and gray
cross shows the position of the range test transmitters (V16-1L; V13-1H). The inset
provides an overview of the location the tidal range test was conducted, as shown by the
black circles. Uniform transmission detection probabilities of 94% and 84% are assumed
for V9-2H and V13-1H fish tags, respectively, within detection range of individual
receivers.
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Figure 2.20. Geometrical configuration of the Pass Manchac acoustic gate. Small black
dots represent the position of individual receivers, whereas the radii of the circles
surrounding the dots represent the detection radius (r = 380 m). Red dashed line denotes
the shortest straight-line path (Ls = 518.4 m) a telemetered fish is assumed to have
traveled and gray cross shows the position of the range test transmitters (V16-1L; V131H). The inset provides an overview of the location the tidal range test was conducted, as
shown by the black circles. Uniform transmission detection probabilities of 93% and 86%
are assumed for V9-2H and V13-1H fish tags, respectively, within detection range of
individual receivers.

61

Table 2.9. Summary table reviewing the conditions used to determine the likelihood of detecting both V9-2H and V13-1H telemetered
fish migrating through each of the tidal passes.

Tidal Inlet

Tag type

Rigolets Pass

V9-2H
V13-1H
V9-2H
V13-1H
V9-2H
V13-1H
V9-2H
V13-1H

Chef Menteur Pass
IHNC
Pass Manchac

Nominal
delay
(s)

Max swim
speed
(ms-1)

Detection
radius
(m)

180

0.93
0.94
0.93
0.94
0.93
0.94
0.93
0.94

240

Shortest
straightline path
(Ls)
352

300

542.7

210

342.4

380

518.4

180
180
180

Min time to
cross gate
(s)
376.6
374.5*
580.6
577.5
366.3
364.3
554.6
551.6

Average
detection
frequency
(Tfreq)
2.1
3.2
2.0
3.1

Transmission
probability of
detection
(ptag)
60%
22%*
93%
92%
94%
84%
93%
86%

Line probability
of detection
(pline)
84.0%
39.2%*
99.9%
99.9%
99.6%
97.4%
99.9%
99.7%

Note that average detection frequency (Tfreq) and line probability of detection are calculated as defined in Equations 2.6 and 2.7,
respectively. Values with an asterisk (*) were calculated by substituting the observed transmission probability of detection (ptag =
22%) at 240 m in place of ptag at the effective detection radius (i.e., distance at which 50% or more of transmissions are received), and
therefore should be considered rough approximations.
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Long-term range test
A total of 159,966 V16-1L and 87,382 V13-1H detections were recorded by the
four acoustic receivers during the 370-d monitoring period (Figure 2.21). Detection
frequency decreased with increasing receiver distance for both of the sentinel
transmitters, but was consistently lower for the V13-1H than the V16-1L transmitter at
each distance (Figure 2.22).

Figure 2.21. Detection chronology of the V16-1L and V13-1H transmitters over the 370d long-term range test study. Each individual dot (red – V16-1L, blue – V13-1H)
represents a unique detection. The 0-m station indicates that the receiver was not
operational for a 111-d period, resulting in a data gap from 8/27/2014 to 12/16/2014.
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Figure 2.22. Detection frequency by receiver distance for the V16-1L and V13-1H
sentinel transmitters. The low power output tag (V16-1L; 150 dB) is shown in red and the
high power output tag (V13-1H; 153 dB) is shown in blue. Detection frequency for both
transmitter types at the 0-m station is lower because the receiver at this station was
operational for 259 days (i.e., the 0-m receiver was lost on 8/27/2014) rather than the full
370-d study period.
Performance metrics varied considerably with respect to receiver distance, especially for
the daily number of rejections (Rdaily), which ranged from a maximum of 44 rejections at
0 m to between 7 and 15 across the 500- to 900-m receivers. The highest values of the
Noise Quotient (NQ) occurred at a single receiver (i.e., NQ = 12,290 at 0 m), and was
found to be negatively correlated with the number of daily detections (Ddaily) across all
stations (r = - 0.07, p < 0.01; Figure 2.23). The mean number of hourly detections
̅ hrly = 8.3) and daily number of unique codes detected (Tag = 2.5) was consistently
(D
freq
low, ranging from 0 to 22.25 and from 0 to 19, respectively (Table 2.10). There were
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̅ hrly and Rdaily (r = 0.23, p < 0.01) and between
significant weak correlations between D
Tagfreq and Rdaily (r = 0.18, p < 0.01), but Ddaily also exhibited a positive relationship with
Rdaily (r = 0.23, p < 0.01), implying that collisions did not impact the total number of
detections recorded (Figure 2.23).

Figure 2.23. Pairwise correlations between derived performance metrics and receiver
diagnostics. Detections is the number of daily detections on each code space (Ddaily),
Rejections is the daily number of codes rejected due to invalid EDCs (Rdaily), Noise is the
noise quotient (NQ), Num.Tags is the daily number of unique codes detected (Tagfreq),
̅ hrly).
and Hrly.Detects is the mean hourly detections of all transmitters per day (D
Mean daily DEs decreased with increasing receiver distance, with 99.5% of
transmissions detected at 0 m, 67.6% at 500 m, 55.3% at 700 m, and 46.1% at 900 m. In
addition, DE of the V16-1L transmitter was 55% higher on average than the V13-1H
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transmitter across all stations except the 0-m receiver, where nearly 100% of
transmissions were detected for both transmitters (Figure 2.24).
̅ hrly) and
Table 2.10. Summary statistics for the three performance metrics (NQ, Tagfreq, D
two receiver diagnostic parameters (Ddaily, Rdaily) evaluated.
Parameter
Daily Detections
(Ddaily)

Mean
162.2

Maximum
534

Minimum
0

Daily Rejections
(Rdaily)

0.75

44

0

Noise Quotient
(NQ)

441.4

12290

-4

Number of Tags
(Tagfreq)

2.41

19

0

Mean Hourly Detects
̅ hrly)
(D

7.40

22.25

0

Environmental parameters varied throughout the study period, providing a wide range of
conditions over which to assess the influence of each factor on receiver performance and
detection range after controlling for the distance effect (Figure 2.25). Although most
factors were significantly correlated, the strength of the relationship was relatively weak
(r < |0.4|; Table 2.11). In addition, no issues of multicollinearity were indicated by
regression diagnostics (VIF < 3 and CI < 8), so all continuous variables were included as
predictors in the logistic regression.
Relative model fit was examined between the global model (i.e., all main effects
and interactions of interest included) and the reduced model set (i.e., parsimonious nested
models without interaction terms), revealing ΔQAIC scores > 3 (Table 2.12). Models
with an AIC difference of two compared with the minimum AIC model are considered to
have strong support (Burnham and Anderson 2002), thus suggesting that the full model
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(Model M.1 in Table 2.12) outperformed all reduced dimension models (Models M.2-7
in Table 2.12).

Figure 2.24. Daily detection efficiency (DE) by receiver distance for the V16-1L and
V13-1H sentinel transmitters. The low power output tag (V16-1L; 150 dB) is shown in
red and the high power output tag (V13-1H; 153 dB) is shown in blue.
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Figure 2.25. Boxplots summarizing environmental conditions (water temperature,
turbidity, and salinity) recorded during the long-term study period. Red diamond in
panels represent the mean of each respective variable, whereas the solid line represents
the median.

Table 2.11. Pairwise correlations between all environmental variables considered for
inclusion in generalized linear models (GLMs). The variables include water temperature
(°C), salinity (‰), turbidity (NTU), precipitation (mm), northerly wind velocity
(NWind), and easterly wind velocity (EWind).
Temperature
Salinity
Turbidity
Precipitation
NWind
Ewind

Temperature Salinity

Turbidity

Precipitation NWind

-0.165
-0.057
0.056
-0.198
-0.065

0.105
-0.134
0.143

0.010
-0.119

-0.398
0.008
0.131
0.215
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0.014

EWind

Model M.1 explained 67.8% of the deviance in DE and was the only model considered
herein. Since most of the variables were highly significant (p < 0.0001, Table 2.13) due
to the large sample size (n = 2,700), effect size was used as an indicator of the relative
influence of each variable (Cagua et al. 2013; Huveneers et al. 2016).

Table 2.12. Model selection summary of a hierarchy of nested logistic regression models
performed on daily detection efficiency (DE). QAIC is the quasi-Akaike information
criterion, ΔQAIC is the difference between the model-specific QAIC score and the QAIC
score of the best fit model (i.e., lowest QAIC), and Pseudo R2 is McFadden’s R-squared,
calculated as: 1 – [Residual Deviance/Null Deviance]. Base is: α + β1(noise) + β2(ew) + β3(nw)
+ β4(prec) + β5(sal) + β6(turb) + β7(temp) + β8(time) + β9(dist) + β10(tag) + β11(tagdist),
where α is the intercept, β’s are linear coefficients, tag is transmitter type, dist is distance
from the receiver, noise is the noise quotient, temp is water temperature, turb is turbidity,
sal is salinity, prec is precipitation, nw is northerly wind velocity, ew is easterly wind
velocity, and time is the number of days elapsed since deployment.
Model

QAIC

ΔQAIC

Pseudo-R2

M.1

Base

2580.9

0.0

67.8%

M.2

Base – β11(tagdist)

2584.4

3.5

67.7%

M.3

Base – β11(tagdist) – β10(tag)

4859.8

2278.9

39.1%

M.4

Base – β11(tagdist) – β9(dist)

5091.8

2510.9

36.1%

M.5

Base – β11(tagdist) – β10(tag) – β9(dist)

6994.8

4413.9

12.1%

M.6

Base – β11(tagdist) – β10(tag) – β9(dist) – β1(noise)

7081.0

4500.1

11.0%

M.7

Null

7942.1

5361.2

0.0%

 represents the interaction term.
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Although distance, transmitter type, and time deployed had the largest effect (χ2 > 150),
environmental variables were also significant factors in the reduction of DE
(Table 2.13), including temperature (χ2 = 104.9, p < 0.0001), turbidity (χ2 = 73.6, p <
0.0001), and northerly wind velocity (χ2 = 66.8, p < 0.0001). Salinity was not statistically
significant (χ2 = 3.1, p = 0.0783) at an 𝛼-level of 0.05, and precipitation showed only a
negligible influence on DE (χ2 = 8.0, p = 0.0046). The model also showed that the noise
covariate (NQ) accounted for a significant portion of the variation in DE observed (p <
0.0001). Although the effect was substantially weaker (χ2 = 5.4), a significant two-way
interaction between distance and transmitter type was found (p = 0.02, Table 2.13).
Results further indicate that distance from the receiver strongly influences detection
probability (χ2 = 542.6, p < 0.0001), with the likelihood of detection decreasing by 38.7%
for every 100-m increase (Θ = 0.995). The odds of detecting a transmission, however, are
disproportionate between transmitter types (χ2 = 196.0, p < 0.0001), where the
probability of detection is approximately 13-times more likely for the V16-1L sentinel
tag than for the V13-1H sentinel tag (Θ = 0.0785).
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Table 2.13. Results of the full logistic regression model including distance from the
receiver (dist), transmitter type (tag), noise quotient (noise), water temperature (temp),
turbidity (turb), salinity (sal), precipitation (prec), northerly wind velocity (nw), easterly
wind velocity (ew), number of days elapsed since deployment (time), and the two-way
distance by transmitter type interaction (disttag). SE represents standard error, Wald χ2
represents the Wald chi-square statistic, Θ represents the odds ratio, UL.95 represents the
upper 95% confidence limit, and LL.95 represents the lower 95% confidence limit.
Effect
Estimate
SE
Wald χ2 P-value
Θ
UL.95
LL.95
dist

-0.0049

0.00021

542.6

<0.0001

0.9952

0.9956

0.9947

tagV13-1H*

-2.5452

0.18179

196.0

<0.0001

0.0785

0.1120

0.0549

noise

-0.0003

0.00004

45.7

<0.0001

0.9997

0.9998

0.9996

temp

-0.0425

0.00415

104.9

<0.0001

0.9584

0.9662

0.9507

turb

-0.0209

0.00244

73.6

<0.0001

0.9793

0.9840

0.9746

sal

-0.0331

0.01878

3.1

0.0783

0.9674

1.0038

0.9325

prec

0.0058

0.00205

8.0

0.0046

1.0058

1.0099

1.0018

nw

-0.0495

0.00605

66.8

<0.0001

0.9517

0.9631

0.9405

ew

0.0609

0.00840

52.6

<0.0001

1.0628

1.0804

1.0454

time

-0.0041

0.00033

152.6

<0.0001

0.9960

0.9965

0.9952

disttagV13-1H*

0.0006

0.00024

5.4

0.0200

1.0006

1.0010

1.0000

* denotes that the V16-1L tag was used as the reference category for transmitter type.

More specifically, controlling for the influence of all other covariates, the distance at
which 50% of transmissions are detected (ED50) occurs at 559 m and 1017 m for the
V13-1H and V16-1L transmitters, respectively (Figure 2.26). Further, under average
conditions only 25% of transmissions are detected at 815 m for the V13-1H transmitter
and 1243 m for the V16-1L transmitter, whereas the distance at which a 75% detection
probability occurs is 303 m for the V13-1H transmitter and 791 m for the V16-1L
transmitter (Figure 2.26).
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Figure 2.26. Detection probability curves over distance from receiver based on the full
model (M.1) for each transmitter type using the observed mean of all other covariates
(wind speed and direction, ambient noise levels, precipitation, salinity, water
temperature, turbidity, and deployment time). Solid lines denote the average predicted
probability for the V16-1L and V13-1H transmitters, whereas the shaded region denotes
the 95% confidence interval (CI). The distances at which a 25%, 50% (ED50) and 75%
probability of detection occurs are shown as the dotted lines for each respective
transmitter (V16-1L shown in red; V13-1H shown in blue).

2.4. DISCUSSION

Range test experiments are often under-utilized by studies employing passive
acoustic technology and results are seldom published. According to Kessel et al. (2014),
15.1% of the 378 peer-reviewed papers considered failed to report detection range,
implying that range testing was not performed. Although researchers have recently begun
to emphasize the dangers of assuming detection probabilities without empirical evidence
(Welsh et al. 2012; Kessel et al. 2014), it has instead become a common practice to infer
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detection efficiencies from previous studies. Not surprisingly, receiver performance has
repeatedly been shown to vary extensively among and within studies (Domeier 20015;
Heupel et al. 2006; Hobday and Pincock 2012; Kessel et al. 2014), highlighting the
importance of: 1) performing in situ range testing prior to the onset of acoustic telemetry
studies, and 2) the use of reference transmitters throughout the study period to assess
temporal and spatial variations in detection probability.
The results of this study demonstrate that the VR2W receiver monitoring array
deployed in Lake Pontchartrain performed reasonably well provided the dynamic nature
of this estuarine system, with detection ranges typically greater than 500 m during the
multiple range tests conducted. The utility of acoustic telemetric techniques to reliably
monitor the movement of aquatic organisms in Lake Pontchartrain is encouraging given
the findings of previous studies conducted under similar environmental constraints (e.g.,
highly turbid, shallow estuarine environments). For instance, Callihan (2011) notes much
lower detection ranges between 100 and 300 m in Calcasieu Lake, Louisiana. Previous
studies (Topping and Szedlmayer 2011; How and de Lestang 2012; Welsh et al. 2012)
have reported that receiver performance decreased with increasing distance due to signal
attenuation. One exception to this generalization was the increase in detection frequencies
from 0 m to 50 m across all regions of the short-term range tests performed. This pattern
can be explained by the high degree of reverberation potential at shorter tag to receiver
distances, whereby high power output transmitters, such as the V13-1H used in this
study, results in multipath scattering of transmissions. Acoustic signals reflected off the
surface and boundary layers give rise to echoes that can potentially interfere with a
receivers’ ability to decode the parent transmission if received simultaneously. This
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phenomenon is known as the ‘Donut Effect’ and is easily recognized by dampened
detection frequencies at short distances from the transmitter (e.g., 0 – 200 m), with
increases thereafter until the normative effects of signal propagation dominate.
It was not expected, however, that the low power output transmitters (V16-1L,
150 dB) would be detected more readily than the high power output transmitters (V131H, 153 – 156 dB) used throughout the study. Theoretically, transmitters of a higher
decibel level emit signals at a larger SNR than their low power counterparts, and
therefore should experience increased detection ranges (Girard et al. 2007; Taquet et al.
2007; Simpfendorfer et al. 2008; Callihan 2011; How and de Lestang 2012). Upon
returning the two sentinel transmitters used in the long-term range test to the
manufacturer, it was found that the transducer of the V13-1H transmitter had been
damaged and was no longer functioning as expected; the power output for this tag was
measured to be 131 dB, considerably lower than the expected 153 dB power output for
this transmitter model (Matthew Holland, Vemco Division AMIRIX Systems Inc.,
personal communication). Although the compromised integrity of the high power output
tag could undoubtedly have caused this discrepancy, another plausible explanation could
be the ‘Donut Effect’ explained above, where collisions between transmissions and
echoes of the high power output tag may have led to reduced detection efficiencies
observed in both the long-term and tidal inlet range test studies.
The first objective of this study was to determine the efficiency of acoustic gates
used to estimate emigration rates of spotted seatrout through the four major exit routes of
Lake Pontchartrain (Pass Manchac, IHNC, Rigolets Pass, and Chef Menteur Pass).
Overall, the ability of acoustic gates to accurately monitor fish migrations was
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satisfactory, with line probabilities of detection exceeding 97% for all tidal inlets except
the Rigolets Pass, where DE was substantially lower (60%). Inferior performance of
acoustic receivers observed in the Rigolets Pass was presumably so low due to increased
ambient noise levels resulting from proximity to a heavily used navigational bridge (i.e.,
vibrations permeating into the water column) and high incidences of vessel traffic (i.e.,
engine noise and echosounders). This supposition is supported through evidence provided
by summary diagnostic information recorded in the event file of individual receivers.
Similar to the NQ, the ping conversion rate (% Conversion) is another metric that can be
used to represent excess environmental noise as a proportion of the number of pings
recorded relative to the number of pings expected given the detection frequency, by the
following:
% 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =

(𝐷𝑑𝑎𝑖𝑙𝑦 ∗𝑐𝑙)
𝑃𝑑𝑎𝑖𝑙𝑦

× 100

Equation (2.11),

where Ddaily is the number of daily detections on each code space, cl is the number of
individual pings used to complete a code sequence (cl = 8 for A69-1303 and A69-1601
transmitters; cl = 10 for A69-9001/9002 transmitters), and Pdaily is the number of daily
pings recorded. Therefore, % Conversion is useful in that it provides a standardized scale
by which to compare the percentage of total pings that are accounted for by detections
alone, where a low proportion is suggestive of a noisy environment. The average %
Conversion was between 26.2 and 38.7% lower in the Rigolets Pass (x̅ = 43.6%) as
compared to the IHNC (x̅ = 80.0%), Chef Menteur Pass (x̅ = 82.3%), and Pass Manchac
((x̅ = 69.8%), indicating that noise may have had a significant influence on the
performance of this acoustic gate (Figure 2.27).
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Nonetheless, the true number of fish migrating through the lowest performing
acoustic line (Rigolets Pass) was underestimated by approximately 7 individuals13,
following the rough estimation adopted by Comeau et al. (2002). In other words, the total
percentage of the study population that crossed the line (T%) is calculated as,
𝑇% =

𝐷%

Equation (2.12),

𝑅𝐸

where D% is the percent of tagged individuals detected at the acoustic gate, and RE is the
line probability of detection as defined by Equation 2.7. Given the high RE observed at
the IHNC14 (pline = 97.4 – 99.6%), Chef Menteur Pass15 (pline = 99.9%), and Pass
Manchac16 (pline = 99.7 – 99.9%), emigration rates were only marginally underestimated
based on the above method. Of course this is assuming that detection range at a set
distance between transmitter and receiver is constant over the period of study (i.e., line
probability of detection does not change over varying environmental conditions), and
thus should be considered a best approximation only.

13

A 26.7% emigration rate was estimated through the Rigolets Pass (i.e., 36 telemetered
fish out of 135 total were detected crossing the inner Rigolets acoustic gate near Hwy. 90
over the duration of the telemetry study). Refer to Section C.1 Computation of
Emigration Rates for a detailed review of the methods used to quantify emigration of
spotted seatrout from Lake Pontchartrain.
14
A 1.5% emigration rate was estimated through the IHNC (i.e., 2 telemetered fish out of
135 total were detected crossing the inner IHNC acoustic gate near the Seabrook bridge
over the duration of the telemetry study). Refer to Section C.1 Computation of
Emigration Rates for a detailed review of the methods used to quantify emigration of
spotted seatrout from Lake Pontchartrain.
15
An 8.9% emigration rate was estimated through Chef Menteur Pass (i.e., 12
telemetered fish out of 135 total were detected crossing the inner Chef Menteur Pass
acoustic gate over the duration of the telemetry study). Refer to Section C.1 Computation
of Emigration Rates for a detailed review of the methods used to quantify emigration of
spotted seatrout from Lake Pontchartrain.
16
No fish were detected migrating through Pass Manchac over the duration of the
telemetry study.
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Figure 2.27. Ping Conversion Rate (% Conversion) by receiver distance within each of
the tidal inlets (Rigolets Pass, Chef Menteur Pass, IHNC, and Pass Manchac). The %
Conversion metric represents ambient environmental noise, where a lower proportion is
indicative of a noisier environment. Tidal inlet range tests were conducted over different
periods as shown on the x-axis.
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The detection range of receivers can be highly variable in aquatic environments
due to its dependence on an array of factors as reviewed in Table 3 of Kessel et al.
(2014), including: physical and chemical properties of the water column (temperature,
salinity, turbidity), sea state and surface conditions (wind velocity, wave action),
bathymetry and substrate composition (high rugosity coral reef environments, vegetative
obstructions), receiver location and orientation, water flow and tidal state, water depth,
background noise, biofouling, and transmitter type. Accordingly, the second focus of this
study was to describe the heterogeneity in receiver performance by analyzing the
comparative effects of fluctuating environmental influences (wind velocity, precipitation,
water temperature, turbidity, and salinity) in Lake Pontchartrain. Results demonstrate that
the probability of detecting signal transmissions from acoustic tags was reasonably well
explained by distance, time deployed, and transmitter type. Generalized linear models
(GLMs) with the distance effect removed (Models M.4-7, Table 2.12), revealed a
substantial decrease in explanatory power (Pseudo-R2 < 39%), suggesting that distance
accounted for a large portion of the variation observed in DE. The negative effect of the
number of days since deployment on receiver performance has previously been observed
(Heupel et al. 2008; Simpfendorfer et al. 2008; Callihan 2011) and was purportedly
related to biofouling. Although acoustic telemetry equipment was serviced regularly (~ 6
– 8 week intervals), a decrease in the performance of receivers over time was found.
Specifically, DE declined by 33.6% after 100 days of deployment. This is likely
attributable to an accumulation of fouling communities (i.e., barnacles, oysters, algae,
bryozoans, tube worms, and amphipods) on the associated mooring equipment. In
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contrast, Callihan (2011) and Mathies et al. (2014) found that removal of biofouling did
not always lead to increases in detections.
Water temperature also affected receiver performance, such that reduced
temperatures were negatively related to higher rates of successful detection. This is
contrary to acoustic theory, since the speed of sound increases in warmer water (i.e.,
faster traveling sound waves experience less attenuation at a given distance). These
results are consistent with How and de Lestang (2012), who attributed this phenomenon
to an indirect effect of increased noise from faunal activity. Further, temporal variation in
receiver performance has been noted previously with higher DEs in warmer periods,
particularly summer, as compared to spring and fall (Callihan 2011). Similarly, the
significance of the relationship may reflect a seasonal trend throughout the study
independent of temperature. For example, temperature may be confounded by increased
boating activity during the summer months, resulting in increased anthropogenic noise
and thus decreased detection range (i.e., SNR < 12).
My findings revealed that receiver performance significantly declined with
turbidity and northerly wind velocity. Turbidity influences sound propagation, primarily
by reducing signal strength, and thus detection rates, through increased absorption at the
signal frequency, but the effect of wind speed remains uncertain. Although wind is
known to mix air bubbles into the upper water column, attenuating sound and thereby
reducing signal range, the performance of autonomous acoustic receiver arrays respond
differently, ranging from no significant effect shown (Singh et al. 2009; Mathies et al.
2014; Stocks et al. 2014) to being the main driver negatively affecting detection
probability (Hobday and Pincock 2012; Gjelland and Hedger 2013). Another study
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suggested that receiver performance increased with wind speed (Cagua et al. 2013) and
was dismissed as an interactive effect between predictor variables. However, the depth of
their study location (~ 20-30 m) could have contributed to this peculiarity (i.e., receivers
were too deep to be affected by surface air bubbles and noise), since wind effects have
been shown to only penetrate the upper three meters of the water column (Gjelland and
Hedger 2013).
Similar to Simpfendorfer et al. (2008) and Callihan (2011), salinity was largely
unrelated to receiver performance. The lack of a significant effect between salinity and
DE may be due to counteracting mechanisms of signal loss, namely attenuation and
absorption. Increased salinities lead to a higher incidence of absorption, but faster speeds
of the acoustic signal, acting to decrease the effects of attenuation. The increase in DE
observed with precipitation and easterly wind velocity is unexplained, and is possibly
linked to environmental variables not accounted for in this study (e.g., other parameters
may be correlated with precipitation, such as stratification due to the proximity of the
study location to Bayou Lacombe).
By presenting empirical data to objectively test receiver performance in a
Louisiana estuarine system, this study represents the most comprehensive acoustic range
testing effort to date. Future work, however, would benefit from broadening research
objectives; one such limitation of this study is that the influence of receiver configuration
and orientation was not investigated, although it has been shown to be an important
source of variation in receiver performance (Clements et al. 2005; Cotton 2010; Cagua et
al. 2013; Huveneers et al. 2016). Simpfendorfer et al. (2015) also found that receiver
configuration affects the frequency of false detections, with receivers near the bottom
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recording more false detections than receivers deployed higher in the water column. As
reviewed in Melnychuk (2012), the inter-receiver variation commonly reported
throughout the acoustic telemetry literature, could explain why detection rate increases
with distance in the short-term range tests conducted (e.g., detection rates increased from
450 to 650 m in the Central and West regions, and increased from 150 to 250 m in the
East and Central regions). Additionally, the importance of receiver location was not
quantitatively examined, but environmental conditions, including water temperature,
turbidity, salinity, wind speed and direction, and precipitation, were emphasized instead.
Spatial variation in receiver performance has been shown to vary extensively based on
substrate type, obstructive topographical features (e.g., rocky outcroppings), and water
depth (Selby et al. 2016). Provided that receiver performance is habitat-specific (e.g.,
enhanced detection range in acoustically favorable environments, such as hard-bottom
substrates), interpretations of habitat utilization can lead to substantially biased inferences
as reviewed in Heupel et al. (2006). To properly investigate heterogeneity in receiver
performance over different geographical areas, it is necessary to standardize experiments
across time to account for temporal variation that may lead to changes in the ability of
receivers to detect acoustic transmissions. For example, the short-term range tests
conducted in this study may be limited in their interpretability given that the study did not
control for environmental conditions among regions (i.e., differences in detection
frequency may be a function of varying dynamic environmental features, such as salinity,
temperature, and turbidity, since the tests were not conducted simultaneously). Because
the purpose of my study was to provide a baseline assessment of the performance of the
complete acoustic telemetry array, I feel the methodology employed was suitable. A more
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systematic approach, however, would be to conduct multiple range tests simultaneously
at the sites or habitat-types of interest. The concerns above reinforce the idea that
researchers should carefully consider the design (i.e., configuration, location, and
orientation) of acoustic monitoring arrays.
Although acoustic telemetry has undoubtedly improved studies of spatial ecology
and behavioral characteristics of a variety of marine and freshwater organisms, many of
the limitations have received little attention in the scientific literature. In particular,
knowledge of detection range and performance of receivers within an acoustic array is
critical to ensure that key study objectives are appropriately answered. As acoustic
telemetric studies have rapidly gained popularity over the past few decades (Heupel and
Webber 2012; Hussey et al. 2015), largely due to the increase in cost-effectiveness and
technological advancement of tagging and telemetry equipment (e.g., miniaturization of
transmitters that broaden the applicability of this tool to smaller animals, battery
engineering of transmitters to lengthen their period of operability, and receiver
software/hardware development), the demand for increased awareness of the implicit
methodological and analytical issues within the research community is becoming
increasingly important. The variability of receiver performance among studies is largely
dependent on the dynamic nature of aquatic systems (refer to Table 2 in Huveneers et al.
2016). Without a full understanding of this inherent variability, the behavior of the
organisms being studied can be misinterpreted (Payne et al. 2010), emphasizing the need
to conduct in situ range testing. This study identifies the dangers of simply adopting
detection ranges previously reported, thereby supposing potentially invalid assumptions
about the study population. Further, by quantifying the detection probability of
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transmitters with different power outputs (V16-1L; V13-1H) over a range of
environmental conditions, this study demonstrated the potential bias involved in failing to
recognize factors influencing detection range. My results have important implications for
telemetry sampling design, especially when employing low power output transmitters
(150 dB) in a receiver grid where spacing is more than 1,000 m apart. Although my
findings are applicable to other telemetry studies using similar techniques, I recommend
that each study thoroughly measure changes in detection probability during multiple field
tests conducted in representative areas with reference transmitters deployed over the
course of the study, to help refine detection range, and thus improve the confidence of
data interpretations.
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CHAPTER 3. RESOURCE SELECTION OF ADULT SPOTTED
SEATROUT, CYNOSCION NEBULOSUS, IN A LOUISIANA ESTUARY
3.1. INTRODUCTION

The dynamic nature of coastal ecosystems directly results in the seasonal
variability of fish distribution patterns and abundance over time (Perry et al. 2005; Laurel
et al. 2007; Morrell and James 2008). Species’ responses to either abiotic conditions,
such as temperature, salinity, turbidity and dissolved oxygen (Pihl et al. 1991; Evans
1993; Benfield and Minello 1996; Moyle and Cech 2000; Childs et al. 2008), physical
attributes, such as bathymetry and substrate type (Rozas and Odum 1988; Thomas and
Connolly 2001), or biotic factors, including intra-specific competition, predator-prey
relationships, and prey availability, have commonly been considered in isolation. The
synthesis of these factors, however, creates a spatially and temporally heterogeneous
environment that provides a complex matrix of available resources, which collectively act
to influence habitat utilization of fishes (MacRae and Cowan 2010). In general,
organisms select habitat based on conditions of the surrounding environment that result in
the highest fitness potential to the individual by both optimizing survival and minimizing
energetic costs (Hall et al. 1992). For this reason, perceived habitat should be defined as a
set of units in which there are suitable water quality characteristics, foraging sites,
spawning areas, migration corridors, resting sites, and refuge from predation and adverse
weather events (Orth and White 1999). A decline in either the quality or the quantity of
suitable habitat has direct implications on the persistence of a population and could
potentially result in reduced stock productivity and, ultimately biomass (Orth and White
1999).
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Due primarily to the dramatic increase in anthropogenic perturbations (e.g.,
pollution, hydrologic manipulations, and climate change), estuarine habitats have
deteriorated in the last few decades. Concern over the severe habitat loss and degradation
of estuarine environments is manifest in the federal authorization of the Sustainable
Fisheries Act (SFA), a 1996 amendment to the Magnuson-Stevens Fishery Conservation
and Management Act (MSFCMA). The SFA requires that fisheries management agencies
in the United States identify, protect, and conserve the habitats essential to the persistence
of estuarine species, where essential fish habitat (EFH) is broadly defined as ‘those
waters and substrate necessary to fish for spawning, breeding, feeding, or growth to
maturity’. NOAA Fisheries further mandates that habitat conservation measures be
developed to designate habitat areas of particular concern (HAPC) within EFH, which
prioritizes areas that either provide important ecological function, are sensitive to
environmental degradation, include a habitat type undergoing stress from developmental
activities, or include a habitat type that is considered locally rare.
Although the importance of estuarine systems to fish species is widely recognized
(Lenanton and Potter 1987; Potter et al. 1990; Hartill et al. 2003), many studies only
generally describe critical habitat (USFWS and NMFS 2003), and therefore fail to
adequately define EFH (Levin and Stunz 2005). The urgency to identify and understand
critical habitat for estuarine species is especially apparent in coastal Louisiana, which
accounts for 90% of wetland loss in the United States (Field et al. 1991; Dahl 2000),
exceeding 40 square miles per year. Although coastal protection and restoration
initiatives have recently been proposed by the Louisiana Coastal Protection and
Restoration Authority (CPRA), particularly large-scale sediment diversions to mitigate
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erosive forces and pulsed freshwater diversions (e.g., Caernarvon Freshwater Diversion)
to counteract saltwater intrusion, they remain highly contentious among natural resource
stakeholders (e.g., recreational/commercial fisheries, government agencies, and NGOs),
as well as scientists (Turner and Rabalais 1991; Day et al. 2003; DeLaune et al. 2003;
Mitsch et al. 2005; Turner 2006; Reed et al. 2007). The potential of multiple stressors
(e.g., climate change, hypoxia, eutrophication, wetland loss, fishing pressure, etc.) to
synergistically reduce ecosystem resiliency in an unpredictable manner (Cowan et al.
2008), directly results in the uncertainty on the future productivity of estuarine fisheries
(de Mutsert 2010), further elucidating the need to effectively monitor species’ responses
to different ecological regimes.
The spotted seatrout has been recognized as an appropriate indicator species to
monitor ecosystem integrity, including community structure and assemblage, of
anthropogenically influenced estuarine environments (Bortone 2003). Although spotted
seatrout is one of the most widely distributed sciaenids, occurring within estuaries along
the Atlantic and Gulf of Mexico (GOM) coasts from Cape Cod, Massachusetts to the Bay
of Campeche, Mexico (Mercer 1984), they are most abundant along the GOM coast from
Florida to Texas (Pearson 1929). Spotted seatrout are generally classified as an estuarinedependent species, spending their entire lives within natal estuaries (Pearson 1929; Tabb
1966), and consequently exhibit broad physiological tolerances; salinity and thermal
regimes commonly occupied reportedly range from 0.2 to 75 ‰ (Simmons 1957, Perret
et al. 1971) and from 5 to 35 °C (Etzold and Christmas 1979), respectively. However,
cold shock resulting in mass mortalities has been observed at temperatures below 7 °C
(Gunter 1941; Tabb 1958; Moore 1976; Ellis 2014; Ellis et al. 2017), whereas salinities
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less than 5 ‰ are typically considered ‘intolerable’ (Tabb 1966). Optimal water quality
conditions, on the other hand, are documented to occur at 20 ‰ (Wohlschlag and
Wakeman 1978) and between 15 and 27 °C (Tabb 1958), even though the ability of
spotted seatrout subpopulations to acclimate to local conditions has been recognized
(Vetter 1977; Kostecki 1984; Mazzotti et al. 2006).
Spotted seatrout are among the most valuable recreational marine fish species in
the Gulf of Mexico (GOM), generating an estimated monetary value of $81 million per
year1. Despite economic importance of the species, habitat utilization remains the least
well-known aspect of spotted seatrout life history (Bortone 2003). Although much
research has focused on the early life-stages of this species (Peebles and Tolley 1988;
Kupschus 2003; Whaley et al. 2007; Neahr et al. 2010), relatively few studies have
examined habitat use of adult spotted seatrout (Simonsen 2008; MacRae and Cowan
2010; Callihan 2011; Bramer 2015); findings indicate that even though larvae and
juvenile spotted seatrout are found primarily in areas near submerged (McMichael and
Peters 1989; Chester and Thayer 1990) and emergent (Rakocinski et al. 1992; Baltz et al.
1993) vegetation, adults exhibit no definitive habitat preferences (MacRae and Cowan
2010), and instead appear to opportunistically select an array of habitats, including sandy
bottoms, submerged or emergent islands, shell reefs, seagrass beds, high-relief permanent
structures (e.g., oil and gas platforms), and deep channels (MacRae and Cowan 2010;

1

Figure was obtained by extrapolating the most recent estimated value of individual
spotted seatrout in the GOM (Haab et al. 2012) by the reported total number of spotted
seatrout recreational landings in the GOM for 2013 (NMFS 2015), as follows: $9/fish *
9,004,397 = $81,039,573.
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Bramer 2015). Additionally, a comprehensive understanding of the selective pressures
driving the distribution of spotted seatrout is still lacking, as many efforts to characterize
habitat utilization merely describe the relative use of competing habitat types based on
species’ occurrence alone (Baltz et al. 1993, 2003; Peterson and Turner 1994; Rozas and
Minello 1998; Harding and Mann 2001). This traditional approach, however, is
problematic since relative abundance or presence at a given point in time may be a poor
indicator of habitat preference, especially for transient species such as spotted seatrout.
The importance of critically evaluating habitat quality is vital to the continued
sustainability of heavily exploited fisheries, especially those inhabitating humanimpacted environments, such as Lake Pontchartrain. Although improved in recent
decades, water quality degradation due to urban runoff, agricultural development, and
industrial pollution, as well as hydrological alterations (e.g., shoreline development
projects, periodic openings of the Bonnet Carré Spillway to alleviate the Mississippi
River 5.2 m flood stage, and the recent closure of the Mississippi River Gulf Outlet,
MRGO), the consequences of continued perturbation on the persistence of spotted
seatrout within this region are uncertain, particularly since the species may be at its
threshold of environmental tolerances (e.g., average salinity in Lake Pontchartrain ranges
between 0 and 8 ‰). This further necessitates the ability both to predict the abundance
and distribution of fish species in estuaries, as well as to assess the effects that habitat
alterations may have on stock productivity, and consequently, population size.
The current study focuses on quantitatively measuring habitat utilization of adult
spotted seatrout in Lake Pontchartrain, Louisiana through the use of passive ultrasonic
telemetry. Acoustic telemetric methods provide a unique opportunity to remotely monitor
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species’ movement and distribution patterns at high spatio-temporal scales, allowing
researchers to more rigorously examine the complex relationship between habitat
suitability and opportunistic utilization of this ecologically and economically important
finfish. Specifically, I aim to 1) identify the influence of various physicochemical
(salinity, temperature, dissolved oxygen), microhabitat (substrate type, above-bottom
structure), geographic (depth, latitude, longitude), and temporal (year, season)
characteristics on resource selection of spotted seatrout, 2) determine if these
environmental drivers elicit either sex-specific or size-specific behavioral responses, and
3) predict the seasonal probability of occurrence of adult spotted seatrout throughout the
Lake Pontchartrain estuary by employing spatially-explicit generalized additive models
(GAMs).

3.2. METHODS

3.2.1. Study Area
Lake Pontchartrain, located in southeastern Louisiana, encompasses an area of
1,630 km2 and is characterized as a shallow (3-5 m), oligohaline estuary, with a strong
east-west horizontal salinity gradient typically ranging between 0 and 8 ‰ (Hastings
2009; Figure 3.1). Although the predominant bottom type of this system is generally
classified as soft mud2 (Reed 2009), Lake Pontchartrain provides an extensive array of
habitat features to aquatic organisms, including remnant shell reefs spared from historical
dredging activities (circa 1933-1990) for Rangia cuneata (Flocks et al. 2009), emergent

2

According to Roy and White (2012), sediment composition near the center of Lake
Pontchartrain is primarily made up of silt (58%), clay (34%), and to a smaller extent
organic content (3-9%).
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vegetative marshes dominated by Spartina patens and Sagittaria lancifolia macrophyte
species, and extensive beds of submerged aquatic vegetation (SAV), primarily comprised
of American eelgrass, Vallisneria Americana, and widgeongrass, Ruppia maritima
(Montz 1978; Duffy and Baltz 1998; Poirrier et al. 2009).

Figure 3.1. Geographic area of Lake Pontchartrain (1,637 km2), located in southeastern
Louisiana, shown as the red area of the inset and light blue area of the figure. Map also
shows the location of important landmark features, including: Bonnet Carré Spillway (BC
Spillway), Causeway Bridge (CW Bridge), Highway 11 Bridge (Hwy. 11), I-10 Twin
Span Bridge (I-10), Pass Manchac (M), Inner Harbor Navigation Canal (IHNC), Chef
Menteur Pass (CM), and Rigolets Pass (R).

In addition to these biogenic structures, fourteen artificial reefs constructed of various
materials such as, crushed limestone, concrete ReefBallsTM (Lopez 2004; Whitmore
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2006), and cement rubble from the I-10 Twin Span Bridge reconstruction post-Katrina,
have been implemented under the direction of the Lake Pontchartrain Artificial Reef
Working Group (LPARWG) co-chaired by the Lake Pontchartrain Basin Foundation
(LPBF) (www.saveourlake.org), as well as the Louisiana Department of Wildlife and
Fisheries (LDWF; www.wlf.louisiana.gov) Louisiana Artificial Reef Program (LARP).3
Several other anthropogenic features, including dredge holes from various land and levee
building projects ranging in depth from 6 to 16 m (Penland et al. 2002), as well as the
supporting bridge pilings of extensive highways traversing Lake Pontchartrain (e.g., the
Causeway Bridge, Highway 11 Bridge, I-10 Twin Span Bridge, and Norfolk Southern
Railway Bridge, i.e., the Trestles), inadvertently support enhanced structural complexity
and vertical relief that may benefit nektonic species through the provision of refugia from
both extreme thermal regimes and predators, as well as increased foraging opportunity.
With such a rich assemblage of habitats, Lake Pontchartrain, undoubtedly,
supports a diverse biological community of considerable ecological and economic value.
Although bay anchovy (Anchoa mitchilli), Atlantic croaker (Micropogonias undulatus),
Gulf menhaden (Brevoortia patronus), tidewater silverside (Menidia beryllina), and Gulf
pipefish (Syngnathus scovelli) constitute 81.2% of the fauna (Thompson and Verret
1980), this system is of particular importance to a number of highly prized commercial
and recreational species, including blue crab (Callinectes sapidus), white shrimp
(Litopenaeus setiferus), brown shrimp (Farfantepenaeus aztecus), red drum (Sciaenops
ocellatus), and spotted seatrout (Cynoscion nebulosus). The relative influence of

3

Refer to Section B.1 Inshore Artificial Reef Program in Lake Pontchartrain to review a
complete list of the locations and material composition of all artificial reefs currently
deployed in Lake Pontchartrain.
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environmental characteristics underlying the unique habitat preferences of many
estuarine finfish species in the northern Gulf of Mexico (GOM), however, remains
unclear (Minello 1999), especially that of the spotted seatrout (Bortone 2003). The
acoustic telemetry array described herein is, thus, specifically designed to address this
deficiency by elucidating the habitat use patterns of adult spotted seatrout in Lake
Pontchartrain, Louisiana.

3.2.2. Acoustic Array Design
An array of 90 acoustic receivers (VR2W-69 kHz, Vemco Division AMIRIX
Systems Inc., Nova Scotia, Canada; Figure 3.2) was continuously deployed throughout
Lake Pontchartrain with two primary objectives: 1) to assess the habitat utilization of
spotted seatrout within Lake Pontchartrain, and 2) to monitor migration of spotted
seatrout through the four major exit routes of Lake Pontchartrain (Pass Manchac, IHNC,
Rigolets Pass, and Chef Menteur Pass). The former was addressed by employing an
irregularly-spaced grid of 76 autonomously recording stationary receivers that were
strategically placed adjacent to habitat types of interest (e.g., marsh edge, shell pads,
artificial reefs, seagrass beds, mud-bottom, scouring holes, piling structures, etc.) along a
steep hydrographic gradient (distinct salinity regime between the two endmembers of the
estuary) in order to provide broad-scale distribution patterns of the species in response to
changing environmental conditions. Locations were chosen based on consultations with
local fishermen in an effort to monitor ‘hotspots’ that would maximize the detectability
of telemetered fish that remained in the estuary. Receivers were distributed throughout
the basin in order to provide a representative sample of estuarine-wide movements of
adult spotted seatrout in Lake Pontchartrain. Although not discussed in the current study,
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a total of 14 additional receivers were designated to detect fish emigrating from the
estuary to Lake Borgne and the surrounding nearshore GOM (i.e., 6 in the Rigolets Pass,
4 in Chef Menteur Pass, 2 in the IHNC, and 2 in Pass Manchac)4. Two complete lines of
receivers were deployed in a double acoustic gate configuration (Lacroix et al. 2005;
Heupel et al. 2006; Callihan 2011) to decipher directionality (e.g., emigration from the
system versus immigration to the system).

Figure 3.2. Lake Pontchartrain estuary receiver array. The black circles represent the
acoustic receivers deployed in the current study (n = 90), and the blue circles represent
the receivers maintained by the USFWS (n = 11). Individual receivers constituting the
double acoustic gates at each of the tidal inlets (Rigolets Pass, Chef Menteur Pass, the
IHNC, and Pass Manchac) that were used to monitor fish emigration are labeled on the
map as red numbers (1 – 14), whereas the remainder of the receivers constitutes the

4

Refer to Section C.1 Computation of Emigration Rates for a detailed review of the
methods used to quantify emigration of spotted seatrout from Lake Pontchartrain.
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irregular-grid array used to monitor habitat utilization of spotted seatrout (Cynoscion
nebulosus). Symbols are scaled to a 559 m radius for spatial reference.
Comprehensive range testing efforts revealed that even though receiver performance was
highly variable, detection range typically exceeded 500 m, suggesting that complete
coverage of the tidal inlets was achieved by appropriately spacing adjacent receivers
within the acoustic gates.5 In addition, the United States Fish and Wildlife Service
(USFWS) maintains 11 acoustic receivers throughout the Lake Borgne area from which
data are shared collaboratively to facilitate the interpretation of spotted seatrout
movement patterns.
The receiver array was operational for a 2-year period, from 15 November 2012
to 15 November 2014, during which routine servicing trips were conducted every 6 to 8
weeks with the assistance of LDWF personnel to perform general maintenance on
telemetry equipment. Maintenance included cleaning, downloading, and reinitializing
individual receiver units, as well addressing other issues, such as damaged or missing
hardware. A total of 34 receivers were lost over the deployment period for a number of
reasons, including human tampering and gear failure, and were typically replaced within
a week to avoid prolonged gaps in detection data. The acoustic gate receivers were
operational over the majority of the study period (89% of days), with the exception of a
lapse in functionality from 4 December 2013 to 10 February 2014 at station 6 (only one
receiver was actively monitoring fish passage at the Rigolets Pass outer gate during this

5

Refer to Chapter 2 for more detailed information on the range testing procedures
employed throughout this study.
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period) and from 13 May 2014 to 20 May 2014 at station 14 (there were no receivers
actively monitoring fish passage at the Pass Manchac outer gate during this period).
All submersible acoustic receivers utilized in this study were manufactured by
Vemco (VR2W-69 kHz, Vemco Division AMIRIX Systems Inc., Nova Scotia, Canada)
and operate as stationary ‘listening’ devices equipped with omni-directional hydrophones
suited to record strictly presence-absence of telemetered individuals (i.e., positional data
were not obtained). Further, receivers were applied with anti-fouling paint (TrinidadSR,
non-ablative, 70% cuprous oxide) prior to deployment to reduce marine growth, such as
barnacles, algae, and hydroids (Heupel et al. 2008), and self-fusing silicone tape was
wrapped around the receiver to avoid marine fouling and debris within the
communication key portal. Because spotted seatrout are a benthic-oriented species,
receivers were generally deployed near the surface and oriented with the hydrophone
pointing downwards (Heupel et al. 2006), except for bottom associated mount types6.
Last, all lithium batteries within receivers were replaced after 12 months as
recommended by the manufacturer (Matthew Holland, Vemco Division AMIRIX
Systems Inc., personal communication).

3.2.3. Receiver Mooring and Mounting Equipment
All study sites were scouted prior to deployment in an attempt to optimize a
receiver mooring system that would both minimize gear and data loss in areas where
current or wave action are high, as well as maximize the ease of access and feasibility of
downloading receiver units during servicing trips. Four different mooring configurations

6

Refer to the following section for a detailed review on the assembly of all mooring
configurations used throughout this study.
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were deemed most appropriate and were used throughout the study as follows: 1)
aluminum bracket mounts deployed in all locations with above-surface piling structures
(Figure 3.3A), 2) PVC mounts (Figure 3.3B), 3) buoy moorings deployed in deeper areas
(> 2 m) devoid of structure (Figure 3.3C), and 4) tripod mounts (Figure 3.3D).

Figure 3.3. Illustration of the four acoustic receiver mooring configurations used in the
Lake Pontchartrain telemetry array. Of the 90 autonomous receivers maintained, 22 were
deployed using aluminum piling mounts (A), 4 using PVC mounts (B), 61 using buoy
moorings (C), and 3 using tripod mounts (D). Tripod mounts were used as replacements
for missing or damaged PVC hardware beginning February 2014.

Aluminum bracket mounts (KTM Industrial Contractors, LLC., Fairhope, AL)
were approximately 2.1 m in height and consisted of a solid aluminum pole welded to a
flat aluminum bar that was subsequently bolted to a wooden piling structure. Receivers
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were attached with stainless steel hose clamps to a bracket welded to a separate hollow
aluminum pipe that was slid over the smaller diameter solid aluminum pole. The top of
the mounting system was secured with a galvanized brace pin and aluminum loop
mechanism fastened to the flat aluminum bar to hold the sliding apparatus in place.
Aluminum bracket mounts were placed approximately mid-water column with receiver
orientation depending on site depth (i.e., receivers were positioned upright in areas < 5 m
and downwards in areas > 5 m). Prior to deployment, permission to fasten aluminum
bracket mounts to private docks and coast guard channel markers was obtained from
respective sources (e.g., ACOE and property owners).
PVC mounts were fabricated in a similar manner in which a 3-m section of PVC
pipe (2” Schedule 40) acted as an outer sleeve over a 7-m section of PVC pipe (1.5”
Schedule 80) that was set ~ 2 m below the substrate with a steel head post driver. An
aluminum bracket bolted near the bottom of the outer sleeve was used to attach receivers
with stainless steel hose clamps in an upward orientation. The top of the mounting system
was secured by aligning a stainless steel bolt through the two separate PVC sections
coupled with a stainless steel hex nut to hold the sliding apparatus in place. Reflective
tape was adhered to the top of the outer PVC pipe to aid in visibility, and thereby reduce
boat strikes.
Due to the failure of several PVC mounts after approximately one year of
deployment (n = 5), tripod mounts were used as replacements for all missing or damaged
PVC hardware beginning in February 2014. The tripod mounts were designed to be
deployed in relatively shallow water (< 2 m) due to the fact that the entire assembly (i.e.,
mooring equipment and acoustic receiver) must be lifted to the surface for general
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maintenance and downloading. To ensure that the mounting systems were easily
serviceable, but also properly weighted to retain their position on the bottom, two 2 kg
iron barbell plates were bolted to each ‘leg’ of the aluminum tripod bracket, resulting in a
total weight of roughly 8 kg. Receivers were fastened to the aluminum tripod mount with
a stainless steel bolt and hose clamp combination, and were oriented with the hydrophone
pointing upright. A short length of 1/4” twisted polypropylene rope attached to the tripod
mount on one end via a galvanized shackle and a 6” diameter crab pot float on the other,
was tied around a PVC pole to ease relocation.
Buoy mooring systems were constructed using two 5/8” double braided nylon
ropes (i.e., the receiver line and anchor line sections), with a series of stainless steel
(Type 316) shackles and eye-eye swivels. The unballasted buoy (17” diameter x 16”
high; Urethane Technologies, Inc., Denham Spring, LA) was made of polyurethane
coated foam and was designed with a buoyancy of 34 kg. The receiver line was shackled
to the buoy swivel on one end and the anchor line on the opposite end. Receivers were
attached to the receiver line using two stainless steel hose clamps, and were oriented
downwards. Receivers mounted to buoy lines were positioned in the middle of the water
column to avoid acoustic shadowing from the surface float (Welch et al. 2004), as well as
to reduce noise from surface waves and vessel traffic (Heupel et al. 2006). A 6.8 kg lead
mushroom anchor shackled to the bottom of the receiver line was used as a ballast weight
to maintain vertical orientation of the receiver (Clements et al. 2005). In order to reduce
tanglement of equipment, swivels were attached to each end of the anchor line, which
was subsequently shackled to a 1.5 m section of 3/8” stainless steel (Type 316) chain.
The chain was then attached to the main anchor, which consisted of a stainless steel rod
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inserted through the center of a series of 23 kg iron barbell plates, depending on expected
current strengths. More specifically, all buoys east of, and including, the Trestles train
bridge were typically deployed with 45 kg anchors (i.e., two iron barbell plates), whereas
all buoys farther west were deployed with only one 23 kg weight. Buoys within tidal
passes were equipped with 68 kg anchors (i.e., three iron barbell plates) due to the swift
currents experienced in these regions.
Buoy rope lengths were site specific and therefore varied among locations, but as
a general rule, the receiver line was approximately half the depth of the water column,
and the anchor line was twice the length of the receiver line. This allowed for slack in the
mooring system, which accommodated for both increased sea-state, as well as ease of
downloading (e.g., the buoy, receiver, and mushroom anchor could be lifted into the
vessel during servicing trips without raising the anchor). Stainless steel thimbles were
used at terminal loops of the receiver line and down line to reduce abrasion and wearing
of nylon ropes, and all rigging hardware (i.e., shackles and swivels) was secured with
stainless steel tying wire. All buoys were fit with photo-sensitive strobe lights as
navigation aids to minimize equipment loss from boat strikes.
Overall, aluminum piling and tripod mounts proved to be the most reliable
mooring configurations in this particular system, since all receiver units associated with
tripod mounting systems remained in place over the duration of the telemetry study,
while only one receiver attached to an aluminum piling mount was lost (i.e., the entire
assembly appeared to have been torn from the piling structure). Buoy mooring systems,
on the other hand, were the least effective, accounting for over 85% of receiver loss
throughout the 2-year period.
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3.2.4. Fish Capture and Transmitter Implantation
A total of 211 spotted seatrout (292–559 mm TL, 0.23–1.6 kg; Figure 3.4) were
tagged and released within the study area across four distinct sampling periods: 1) 11 –
18 November 2012 (n = 40), 2) 20 – 24 May 2013 (n = 39), 3) 4 – 8 November 2013 (n =
71), and 4) 21 – 23 April 2014 (n = 61). The staggered entry design described above was

Figure 3.4. Length frequency distribution of telemetered spotted seatrout (Cynoscion
nebulosus; n = 211). Red bars represent females (n = 186), blue bars males (n = 11), and
gray bars individuals whose sex was unidentified (n = 14). Numbers within bars denote
the absolute count of fish tagged by sex categorization for each respective 25-mm size
bin. The y-axis is relative to the number of fish whithin each given category (i.e., females,
males, unidentified [UID]).
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used to ensure an adequate sample size of telemetered individuals was maintained
throughout the acoustic monitoring period since transmitter battery life is limited to ~ 1
year on average.7
To avoid the possibility of movement patterns being influenced by the capture
location, fish were tagged and released at several sites within the study area (Figure 3.5).
Volunteer anglers targeted fish of legal size (>305 mm TL) using hook-and-line; it was
specified that J-shaped or circle hooks with artificial lures be used in place of treble
hooks and live bait (i.e., primarily penaied shrimp), since these gear types are associated
with increased risk of post-capture mortality (Stunz and McKee 2006). Anglers were
further instructed to use careful fish collection and handling practices to minimize the
effects of cumulative stress (Wedemeyer 1972), including that rubber-coated nets be used
when landing fish to avoid removal of the protective slime coat layer, and thereby reduce
vulnerability to infection (Harms 2005). Based on weather conditions (most notably,
wind direction) and angler experience, fishing effort was concentrated in various
locations within Lake Pontchartrain that were generally < 10 km from the tagging
operation to minimize holding time. Immediately following capture, fish were transferred
to an oxygenated live-well containing ambient seawater and subsequently transported to a
600-L recirculating holding tank onboard the anchored tagging vessel; frequent water
changes, continuous aeration, and the addition of supplemental sea salt (Crystal Sea
Marine Mix) and water conditioner (Cloram-X) as needed were routine practices used to
maintain water quality. Fish were allowed to undergo a short acclimation period prior to

7

Refer to Table 2.3 of Section 2.2.2 Acoustic Array Design to review transmitter
specifications of acoustic tags used for surgical implantation of spotted seatrout.
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transmitter implantation to lessen the effects of capture and transport related stress
(Stickney and Kohler 1990). All fish that appeared to be in good condition (i.e., no
physical signs of stress or injury, such as damage to gills, missing fins, etc.) were
surgically implanted with uniquely coded acoustic transmitters (V9-2H; V9TP-2H; V131H; V13TP-1H, Vemco Division AMIRIX Systems Inc., Nova Scotia, Canada).

Figure 3.5. Release locations of the 211 telemetered spotted seatrout (Cynoscion
nebulosus). Release groups are color coded as follows: green – Fall 2012 (Nov. 11-18,
2012), yellow – Spring 2013 (May 20-24, 2013), blue – Fall 2013 (Nov. 4-8, 2013), and
orange – Spring 2013 (April 21-23, 2014). The sizes of circles are proportional to the
number of fish released at each respective site.
Minimum fish size criteria were developed based on the ‘2 % rule’ (i.e.,
transmitter mass in air should not exceed 2% of the total fish weight in air; Winter 1996)
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and were used to guide transmitter selection on an individual basis (Table 3.1). All
transmitters operated on a frequency of 69 kHz and were programmed to transmit at
random intervals between 110 and 250 s, except for the V13TP-1H, which was
programmed with a random delay of 150 to 300 s. The V9TP-2H and V13TP-1H
transmitters are equipped with temperature and pressure sensors that record temperature
(±0.5 °C) and depth (±2.5 m) in addition to fish presence.

Table 3.1. Minimum fish size criteria established according to manufacturer
specifications of acoustic transmitters used for surgical implantation of spotted seatrout
(Cynoscion nebulosus).
Tag type
V9-2H
V9TP-2H
V13-1H
V13TP-1H

Diameter (mm)
9
9
13
13

Length (mm)
29
44
36
48

Weight in air (g)
4.7
6.3
11
13

Minimum fish weight (g)
235
320
550
600

The surgical procedures employed in this study were largely adopted from the guidelines
outlined by Callihan (2011), which showed successful implementation of internal
transmitter placement in spotted seatrout.8 Spotted seatrout were individually placed in an
anesthetic bath containing a 150 mgL-1 solution of clove oil until stage-4 anesthesia (i.e.,
total loss of equilibrium) was attained (Summerfelt and Smith 1990). After
anesthetization (~5 min. induction time), fish were measured (SL and TL, mm) and
weighed (g) using a motion-corrected scale, then positioned ventral side up in a
customized surgical platform (i.e., a V-shaped groove carved into a closed-cell foam

8

High survival (97%) and transmitter retention rates (100%) were confirmed with a 2month laboratory holding experiment (n = 35 individuals) conducted to assess the
tolerability of adult spotted seatrout to transmitter implantation. Normal schooling and
feeding behavior was also observed, and as such, sub-lethal tagging effects were
considered to be negligible.
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block) fitted with a low flow submersible pump used to continuously irrigate the gills
with ambient water for the duration of the surgery. A 20-30 mm incision (#11 scalpel
blade) offset and parallel to the linea alba was made midway between the pelvic and anal
fins (Figure 3.6A). Transmitters were disinfected in a 10% solution of Chlorhexidine and
rinsed in sterile water before inserting into the peritoneal cavity (Figure 3.6B; Mulcahy
2003). Incisions were closed using three to four simple interrupted sutures (3-0 Prolene
non-absorbable monofilament with FS-2 reverse cutting needle, Ethicon) secured with a
surgeons knot (Figure 3.6C; Wagner et al. 2000; Wagner and Stevens 2000), and a broadspectrum antibiotic ointment (Thermazene, 1 mL) was topically applied to the suture site
to guard against latent infection. Aseptic techniques were practiced throughout the
surgical procedure as recommended by Mulcahy (2003) and Wagner et al. (2011);
surgical instruments were sterilized using a series of sanitization rinses and latex gloves
were worn by all personnel handling fish during tag implantation. Fish were externally
marked with a blue plastic-tipped dart tag (Hallprint PDS Series, 10 cm length) inserted
between the second and third pterygiophores of the second dorsal fin to visually identify
acoustically tagged fish. Fish were placed in a 600-L open flow-through system (i.e.,
ambient conditions were maintained through a series of bilge pumps) for recovery and
were subsequently released into the estuary once equilibrium and normal swimming
behavior were regained (~10 min. postsurgery). All recovery tanks remained covered in
order to minimize disturbance and no more than ten fish were held simultaneously to
avoid overcrowding stress (Portz et al. 2006).
During the tagging process, sex of telemetered individuals was determined either
through visual inspection of the gonads during the surgical procedure or by inserting a
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catheter (1 mm Teflon tubing attached to a 21-guage hypodermic needle and 10 mL LeurLock syringe combination) into the reproductive vent to obtain a gonad biopsy (Ed
Chesney, Louisiana Universities Marine Consortium, personal communication). Gonadal
tissue samples were stored in 10% formalin solution (37% formaldehyde diluted with
deionized water) and later examined under a dissecting scope. If oocytes were present in
the biopsy sample, the individual was classified as a female; otherwise all indeterminable
samples were prepared for histological processing to inspect reproductive tissues at
higher magnifications. Because tissue samples were small due to cell extraction from live
animals, subsamples were first dyed with hematoxylin for visual purposes, packaged in
lens paper to prevent tissue loss during processing, and secured in labeled histology
cassettes (Cheryl Crowder, LSU School of Veterinary Medicine, personal
communication). Cassettes were immediately transferred to a vacuum infiltration
processor (Leica ASP6025) and subsequently embedded in paraffin wax (Leica EG
1150H). A microtome (Leica RM2125 RTS) was used to cut embedded samples to a
thickness of 4 μm. Embedded tissue slices were mounted on labeled slides in a warm
water bath, allowed to dry, then stained and counterstained (Leica ST5020) with
hematoxylin and eosin, respectively. Coverslips were affixed to histological slides with
Permount (Leica CV5030). All reproductive tissue samples were processed at the LSU
histopathology laboratory by trained staff, and gonadal classification was assigned
according to Brown-Peterson et al. (2011). Although spotted seatrout are not sexually
dimorphic, it was possible to determine the sex of fish that audibly grunted while being
handled during the tagging procedure without performing the sex assignment procedures
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described above, given that only the males of this species are soniferous (Gilmore 2003).
Out of the 211 spotted seatrout acoustically tagged in this study, the sex of 197
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Figure 3.6. Standard operating procedure for the surgical implantation of acoustic transmitters in adult spoted seatrout (Cynoscion
nebulosus). The ventral side of fish on the surgical platform is shown in photographs depicting the incision (A), transmitter insertion
(B), and suturing (C) methods used during the tagging process.
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individuals (93%) was determined, of which 186 were identified as females (94%) and 11
as males (6%); the sex of 14 individuals was unidentified.

3.2.5. Data Management Procedures
Prior to data analysis, all acoustic receiver data were corrected for temporal drift
assuming a linear relationship between time at initialization and time at download (VUE
Software, v2.2.2; www.vemco.com), and were screened for the removal of spurious
detections. Although false detections (i.e., detection of an identification number that is
not actually present) typically make up < 1% of all detection data (Heupel et al. 2005),
transmission errors resulting from acoustic noise or distortion (e.g., scattering, ray
bending, and echoing), as well as collisions (i.e., transmissions from multiple tags with
overlapping sequences) are unavoidable. False detections were defined based on
conservative criteria established by Pincock (2012). Specifically, an isolated detection
(i.e., a single detection of a given transmitter at a particular receiver within a 24-h period)
was considered invalid if 1) there was at least one other transmitter detected at the same
receiver within 1 hour of the suspect detection, thus increasing collision potential, or 2)
there were no accompanying detections of the same transmitter at the nearest receiver
within the same 24-h period. Because receivers were deployed at varying distances (0.3 –
7.4 km, x̅ = 2.5 km) with respect to one another, I chose to use presence at the nearest
receiver as evidence that a fish was within proximity of the suspect detection rather than
applying an arbitrary distance measure to verify data. Accordingly, 720 out of 1,194,215
detections (0.06%) were deemed false and omitted from the data set. Further, duplicate
detections were identified as instances when detections of the same transmitter were
recorded on two or more neighboring receivers at time intervals less than the minimum
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transmitter delay (i.e., 110 s for the V9-2H, V9TP-2H, and V13-1H transmitters; 150 s
for the V13TP-1H transmitter). Theoretical principles of sound propagation suggest that
acoustic signals will successively arrive at receivers of increasing distance from the
source (i.e., transmissions will be detected first by the nearest receiver), assuming no
multipath scattering or variability in receiver clock drift (Klimley et al. 2001).
Consequently, only the detection with the earliest time-stamp was retained (i.e., the
detection was assigned to the receiver at which the transmission was first recorded),
whereas all subsequent detections (i.e., those occurring at different receivers that did not
meet the minimum tag delay specifications) were considered ‘duplicates’ and were
removed from the data set (n = 20,999). In cases for which duplicate detections are
recorded simultaneously (i.e., time interval between successive detections is 0 s) then the
detection was assigned to the receiver closest to the station at which the last valid record
occurred. Acoustic data were then adjusted for daylight savings time by converting
detection times from a Coordinated Universal Time (UTC) zone to Central Daylight
Time (CDT) zone to reflect local time.
Only fish that appeared to have survived the tagging procedure were included in
data analyses; telemetered individuals were assumed to be alive if they were 1) detected
at multiple receiver stations across the acoustic array, and 2) detected more than one
week after being released (Time at large, TAL > 7 days).9 Emigration from the system
implied survival of telemetered individuals, regardless of whether the migration event
either occurred within one week of release or was recorded at only a single receiver

9

Refer to Section B.2 Estimation of Survival from Acoustic Tagging Methods for a
formal analysis investigating the effect of surgical procedures on the survival of spotted
seatrout.
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within the tidal passes. In addition, the maximum residence time (ResMAX) of fish known
to be alive (e.g., individuals that were regularly detected moving throughout the receiver
array) was calculated as the total number of days a transmitter was detected
consecutively10 at a single receiver, and was the metric used to develop a threshold at
which to evaluate transmitter inactivity. Stationary transmitters that exceeded this limit
(ResMAX > 79 days) were presumably representative of individuals that expelled their
transmitters or died within the vicinity of a particular receiver. Overall, observations from
nine individuals that were continuously detected (~5-min. intervals) at the same receiver
location for a period of 3.5 to 11.7 months, with no corresponding detections elsewhere
in the array during the remainder of their transmitter battery life, were excluded from the
data set beginning with the onset of consecutive detection. All remaining valid detections
(n = 306,926) from 140-telemetered individuals (122 females, 7 males, and 11
unidentified) were imported into a database management system for subsequent analysis.

3.2.6. Habitat Characterizations and Environmental Monitoring Data
Habitat measurements taken at initial deployment of the acoustic array and
monthly average values of environmental data obtained for each autonomous receiver
station were used in analyses. Temperature (°C), salinity (‰), and dissolved oxygen
(mgL-1) were measured with a handheld multi-parameter sonde (YSI Professional Plus,
Yellow Springs, OH) during routine servicing trips (~6 – 8 week intervals). To assign

For this particular situation, detections that occurred ≤ 24 hours apart from one another
were defined as ‘consecutive’. Otherwise, if the time interval between successive
detections was > 24 hours then these observations were disregarded in the computation of
ResMAX.
10
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values to unsampled locations, physiochemical data were gleaned from multiple sources11
and interpolated using inverse distance weighting (IDW) within ArcGIS 10.3.1 (ESRI,
Redlands, California). Additionally, physical habitat features that may influence
distribution patterns of spotted seatrout in Lake Pontchartrain were quantified through
site-specific substrate type and above-bottom structure assessments. Substrate type was
derived from a publicly available sediment database compiled from historical sources
(Manheim and Hayes 2002); sediment composition data (% sand, % silt, % clay) was
interpolated onto the geographic coordinates of acoustic receivers within the sampling
area (IDW, ArcGIS 10.3.1) and subsequently classified into one of six categories: sand,
clay, silt, mud, loam, and mud-sand mix. Substrates characterized as mud-sand mix were
evenly composed of sand, clay, and silt, whereas substrates primarily composed of either
clay and silt (>50%) or sand and silt (>50%), were defined as mud and loam,
respectively. Depth (m) associated with each receiver station was recorded with an
onboard depth gauge, and above-bottom structure was visually identified as artificial reef,
cement piling, marsh edge, rangia shell pad, SAV bed, or none. All data were referenced
to North American Datum 1983 (2011) State Plane Louisiana South projection.

3.2.7. Data Analysis
The seasonal distribution and habitat use patterns of adult spotted seatrout in
relation to physicochemical (salinity, temperature, dissolved oxygen), microhabitat
(substrate type, above-bottom structure), and geographic (depth, latitude, longitude)

11

Refer to Section B.3 Supplemental Water Quality Data in Lake Pontchartrain to
review additional data sources used to approximate temperature, salinity, and dissolved
oxygen at unsampled receiver locations.
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characteristics of Lake Pontchartrain were evaluated using generalized additive models
(GAMs). Analyses were restricted to acoustic receiver stations within the interior portion
of the estuary (n = 76). To ensure equal effort was maintained during independent
sampling intervals, receivers that were not present for a complete month were omitted
from analysis. Consequently, receiver effort ranged from 66 to 73 acoustic monitoring
stations (x̅ = 70.6) over all months within the 2-year study period.

Exploratory Analyses
Prior to model development, a Pearson product moment correlation was
performed using the ‘corrplot’ package (Wei 2013) in R 2.1.3 (R Core Team 2015) to
determine the potential for multicollinearity among continuous explanatory variables.
The strength of association as indicated by the correlation coefficient was evaluated as
either a strong (|r| = 1.0 – 0.81), moderate (|r| = 0.8 – 0.51), or weak (|r| = 0.5 – 0.0)
relationship (Peck et al. 2008). Additionally, to formally assess spatio-temporal
dependencies in the data, an empirical variogram was used to investigate spatial
autocorrelation (i.e., observed values of the variable of interest are more similar at
surrounding localities than expected for randomly associated pairs of observations), while
a correlogram was used to assess temporal autocorrelation (i.e., observations close in
time are positively correlated where values at time 1, t = 1, are dependent on values at
previous time steps, t = 0). Failure to account for autocorrelation inherent in species
distribution data results in inflated type I error rates that lead to statistically significant
differences where none exist (Legendre 1993; Zuur et al. 2009; Nelson 2014). A twodimensional non-metric multidimensional scaling (NMDS) procedure was used to
ordinate Euclidean distance between the geopositions of individual acoustic receiver
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stations using the ‘vegan’ package (Oksanen et al. 2015) in R 2.1.3 (R Core Team 2015).
The linear correlation of a suite of environmental variables, including salinity,
temperature, dissolved oxygen, and sediment composition, was then overlaid on the
NMDS ordination to determine how stations were clustered in space with respect to one
another. Dynamic environmental variables were detrended from time with z-score
standardization (x̅ = 0, σ = 1) for each level of season by year before applying a linear fit
to the ordination scores.

Modeling Approach
Generalized additive models (GAMs) have become widely recognized as an
important tool in ecology for understanding species distributions (Guisan et al. 2002;
Ciannelli et al. 2008) because they effectively address many of the statistical challenges
associated with ecological data, including non-linear responses and complex interactions
between covariates (Jensen et al. 2005); GAMs also do not require the distributional
assumptions of traditional regression techniques such as generalized linear models
(GLMs), and provide the ability to fit flexible nonparametric smoothing functions to
individual predictor variables (i.e., the linear predictor is not forced to be linear, but is
instead the sum of smoothing functions). Spatially-explicit variable coefficient GAMs
(Hastie and Tibshirani 1993; Wood 2006) were employed to determine the environmental
variables that regulate seasonal distribution of adult spotted seatrout in Lake
Pontchartrain. A two-stage GAM approach was adopted in which the response variable
was first modeled as an overdispersed count assuming a negative binomial error
distribution, hereafter referred to as the population density model, and secondly as a
conditional probability assuming a binomial error distribution with logit link, hereafter
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referred to as the individual level occupancy model. The metrics used to quantify fish
utilization were calculated separately for population density and individual level
occupancy models within month by year combinations as: 1) the total number of
individuals detected at each receiver station (ct), and 2) occupancy proportions structured
on an individual basis as the number of detections recorded at each receiver station
relative to the total number of detections recorded by all active receiver stations (p),
provided that the individual was present during that particular period (i.e., presence only
model).
To avoid potential pseudoreplication these parameterizations establish the
individual fish as a single observational unit instead of individual location estimates as is
common in many acoustic telemetry studies (Hurlbert 1984; Rogers and White 2007;
DeCelles and Zemeckis 2013). Because GAM residuals are assumed to be independent
and identically distributed (i.i.d.), violation of the modeling assumptions bias statistical
tests by effectively overestimating the true sample size; the degrees of freedom used for
hypothesis testing are actually less than n – 1 (Legendre 1993; Aubry and Debouzie
2000). To address this concern, density (ct) and individual occupancy (p) measures were
aggregated into four seasonal periods, defined as winter (December to February), spring
(March to May), summer (June to August), and fall (September to November), since
temporal autocorrelation was found at a monthly time scale12. Further, the geographic
location of individual receiver stations was explicitly modeled as a 2-dimensionsal

12

Refer to Section B.4 Spatio-temporal Autocorrelation of Telemetry Data to review the
autocorrelation function used to define scales at which observations were serially
correlated.
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smoothing function of latitude and longitude to account for spatial autocorrelation
evident between observations (Wood 2003).13
The influence of the following explanatory variables was examined: temperature,
salinity, dissolved oxygen, substrate type, above-bottom structure, depth, and season
(Table 3.2). A random effect for ‘Fish ID’ was included to account for variability that
may exist among individuals, while ‘Total Fish Available’ was included as an offset in

Table 3.2. Predictor variables used in the generalized additive model (GAM) analyses.
Predictor

Units

Temperaturea

°C

Salinitya

Parts per thousand (‰)

Dissolved oxygena

mgL-1

Substrate typea

categorical

Above-bottom structure

categorical

Depth

m

Season

categorical

13

Description
Water temperature
averaged over interval
Salinity averaged over
interval
Dissolved oxygen
averaged over interval
Classified as sand, clay,
silt, mud, loam, or mudsand mix based on
sediment composition
data
Classified as artificial
reef, cement piling, marsh
edge, rangia shell pad,
SAV bed, or none during
visual surveys
Depth of water column
measured with an
onboard depth gauge
Four seasonal periods
identified as winter
(December to February),
spring (March to May),
summer (June to August),
and fall (September to
November)

Refer to Section B.4 Spatio-temporal Autocorrelation of Telemetry Data to review the
omnidirectional variogram calculated to estimate spatial correlation between individual
observations.
124

Table cont’d.
Predictor

Units

Description
Male, female, or
unidentified sex
Sexb
categorical
classifications for
individual fish
Total length of each
b,c
Total length
mm
individual telemetered
fish measured
a
Data for unsampled locations were computed from independent sources by applying the
IDW function in ArcGIS 10.3.1 Spatial Analyst extension
b
Variable only included in the individual-level occupancy models
c
Post-capture derived values were obtained from seasonal von Bertalanffy growth
function
*Note that all continuous variables were averaged over monthly intervals.

an effort to control for the number of fish able to be detected during a given interval; this
metric sequentially adjusts the sampling population for individuals theoretically active
within the system for each level of month and year according to transmitter battery life,
presumed mortality, emigration, recapture, and time of release (Table 3.3).14

Table 3.3. Detection summary of telemetered spotted seatrout (Cynoscion nebulosus),
pooled across all receivers deployed within the interior portion of Lake Pontchartrain (n =
76 receivers). Total fish detected is the frequency of individuals recorded by at least one
receiver in a given interval, whereas total fish available is the frequency of individuals
theoretically active during a given interval. Proportion detected is calculated as the ratio
of total fish detected to total fish available.
Year

Month

2012

November
December
January
February
March
April

2013

Total Fish Detected

Total Fish Available

Proportion Detected

37
33
32
29
27
24

37
37
36
36
36
35

1.000
0.892
0.889
0.806
0.750
0.686

14

Individuals enter the study population in four different tagging cohorts (Fall 2012,
Spring 2013, Fall 2013, Spring 2014) and are censored from the population at different
times throughout the study depending on expected transmitter battery expiration dates,
presumed mortalities, emigration from the system, and recaptures reported by
recreational anglers.
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Table cont’d.
Year
2013

2014

Month
May
June
July
August
September
October
November
December
January
February
March
April
May
June
July
August
September
October
November

Total Fish Detected
29
11
4
2
0
1
43
25
17
14
10
47
36
12
5
3
4
3
2

Total Fish Available
45
34
31
29
23
23
66
59
56
55
49
84
75
57
55
55
33
33
33

Proportion Detected
0.644
0.324
0.129
0.069
0.000
0.043
0.652
0.424
0.304
0.255
0.204
0.560
0.480
0.211
0.091
0.055
0.121
0.091
0.061

The population density GAM was specifically formulated as follows:
(1)

̂ 𝑚,𝑦,(𝜙,𝜆) ] = 𝑎𝐼𝐷 + 𝑙𝑜𝑔(𝑓𝑖𝑠ℎ. 𝑡𝑜𝑡) + 𝑓1 (𝑠𝑒𝑎) + 𝑔1 (𝜙, 𝜆) ∙ 𝑠𝑒𝑎 + 𝑔2 (𝑡𝑒𝑚𝑝)
𝑙𝑜𝑔[𝑐𝑡
+ 𝑔3 (𝑠𝑎𝑙) + 𝑡𝑖(𝑡𝑒𝑚𝑝, 𝑠𝑎𝑙) ∙ 𝑠𝑒𝑎 + 𝑒𝑚,𝑦,(𝜙,𝜆)

̂ is the predicted density of adult spotted seatrout in month m and year y at
where 𝑐𝑡
latitude 𝜙 and longitude 𝜆, 𝑎𝐼𝐷 is the individual-specific random coefficient that explains
unobserved variation due to the ‘Fish ID’ effect (Wood 2013), fish.tot is the ‘Total Fish
Available’ offset term, sea is the season, temp is the water temperature, sal is the salinity,
f1 is a categorical function, g1-3 are nonparametric smoothing functions, ti is a tensor
product interaction between temp and sal (Wood 2006), and 𝑒𝑚,𝑦,(𝜙,𝜆) is the random error
assumed to be normally distributed with a mean of 0 and finite variance, e ~ N(0, σ2). Sex
and total length (mm) were included as covariates in the individual level occupancy
GAMs to examine whether sex or size related differences exist in seasonal distribution
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and habitat utilization patterns of adult spotted seatrout. Given that sex and size are
inherently collinear where, in general, female spotted seatrout are larger at age and
exhibit faster growth rates than males (Mercer 1984; Wieting 1989; Murphy and Taylor
1994; Nieland et al. 2002), two independent models were developed, each based on either
sex-specific or size-specific behavioral response to external stimuli, as follows:
(2)

𝑙𝑜𝑔𝑖𝑡[𝑝̂ 𝑚,𝑦,(𝜙,𝜆) ] = 𝑎𝐼𝐷 + 𝑙𝑜𝑔(𝑓𝑖𝑠ℎ. 𝑡𝑜𝑡) + 𝑓1 (𝑠𝑒𝑎) + 𝑓2 (𝑠𝑒𝑥) + 𝑔1 (𝜙, 𝜆) ∙ 𝑠𝑒𝑎
+ 𝑔2 (𝜙, 𝜆) ∙ 𝑠𝑒𝑥 + 𝑔3 (𝑡𝑒𝑚𝑝) ∙ 𝑠𝑒𝑥 + 𝑔4 (𝑠𝑎𝑙) ∙ 𝑠𝑒𝑥
+ 𝑡𝑖(𝑡𝑒𝑚𝑝, 𝑠𝑎𝑙) ∙ 𝑠𝑒𝑎 + 𝑒𝑚,𝑦,(𝜙,𝜆)

(3)

𝑙𝑜𝑔𝑖𝑡[𝑝̂ 𝑚,𝑦,(𝜙,𝜆) ] = 𝑎𝐼𝐷 + 𝑙𝑜𝑔(𝑓𝑖𝑠ℎ. 𝑡𝑜𝑡) + 𝑓1 (𝑠𝑒𝑎) + 𝑔1 (𝜙, 𝜆, 𝑇𝐿) ∙ 𝑠𝑒𝑎
+ 𝑔2 (𝑡𝑒𝑚𝑝, 𝑇𝐿) + 𝑔3 (𝑠𝑎𝑙, 𝑇𝐿) + 𝑡𝑖(𝑡𝑒𝑚𝑝, 𝑠𝑎𝑙) ∙ 𝑠𝑒𝑎
+ 𝑒𝑚,𝑦,(𝜙,𝜆)

where 𝑝̂ is the estimated probability of spotted seatrout occupancy, sex is the sex, TL is
the total length in millimeters, and all other covariates are as defined above. Predicted
lengths-at-age were derived using a seasonal von Bertalanffy growth model (i.e., faster
growth occurring in the warmer summer months and slower growth in the winter)
developed for spotted seatrout, assuming a January 1st hatching date (Quinn and Deriso
1999; Jensen 2009); total lengths at capture were adjusted for time at large.
The base formulation of each GAM (eq. 1 – 3) was compared to various reduced
models using Akaike information criterion (AIC) selection procedures (Burnham and
Anderson 2002) and standard model diagnostics. Models with an AIC difference (ΔAIC)
of 2 compared with the minimum AIC model are considered to have high support,
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whereas differences of 4 to 7 are considered to have little support, and models with an
AIC value > 10 are considered to have no model support (Dippold et al. 2016). The
estimated degrees of freedom (edf) of smoothed terms were automatically chosen as part
of the model fitting process based on restricted maximum likelihood (REML) iterative
methods that converge on the optimal degree of smoothness for non-linear functions. All
GAMs were constructed and subsequently evaluated for constant variance and normal
residuals using the ‘mgcv’ package (Wood 2011) in R 2.1.3 (R Core Team 2015).

3.3. RESULTS

Detection summary
The inner-estuarine acoustic array (n = 76 receivers) deployed in Lake
Pontchartrain recorded a total of 298,613 valid detections (2211 ± 3306.6 detections per
fish) for 135 adult spotted seatrout15 implanted with ultrasonic tags. Of the 135 fish
considered in this analysis, 87% were female (n = 117), 5% were male (n = 7), and 8%
were unidentified (n = 11). Tagged fish detected by any one given receiver over the 2year study ranged from 3 to 67, with an average of 27 ± 15.5 individuals16. Detection
patterns varied substantially across seasons, with the majority of detections occurring in
the winter season (46.3%), but only 5.7% of detections occurring in the summer season
across both years (Figure 3.7).

15

Five individuals assumed to survive the tagging procedure (based on omission criteria
established in Section 3.2.5 Data Management Procedures) were eliminated from
analyses given that these fish were not detected within the interior portion of Lake
Pontchartrain (i.e., detections only occurred at tidal pass receivers).
16
Refer to Section B.5 Distribution Maps of Spotted Seatrout Occurrence to review
detailed illustrations of the seasonal trends of spotted seatrout distribution in Lake
Pontchartrain.
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Figure 3.7. Percent of total detections given for each sex-season combination (gray bars –
females, white bars – males). Proportions are calculated as the number of detections
recorded in a given season relative to the number of detections pooled across all seasons
for a specific sex. Seasons are defined as: Fall (Sep. – Nov.), Winter (Dec. – Feb.),
Spring (Mar. – May), and Summer (Jun. – Aug.). Sample size for each combination is
shown in parentheses above respective bars.

Environmental variables and habitat characteristics
Multiple pairs of explanatory variables exhibited significant correlations because
of the large number of data points included (i.e., high statistical power); however, few of
the correlation coefficients were high (Table 3.4). Most notably, there was a strong
negative correlation between water temperature and dissolved oxygen (r = -0.815), but
only weak correlations were found for the remainder of continuous variables considered
for analysis (|0.193| ≤ r ≥ |0.025|). To avoid issues of redundancy in the set of candidate
models evaluated, only one of the collinear variables was retained in each of the reduced
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model formulations; all predictors were included as either main effects or in interaction
terms.

Table 3.4. Pearson correlation coefficients between all pairs of continuous variables
considered for inclusion in generalized additive models (GAMs). The variables include
water temperature (°C), dissolved oxygen (mgL-1), salinity (‰), and depth (m).
Significance of correlation coefficient: *< 0.05, **< 0.01, ***< 0.0001.
Temperature
Dissolved Oxygen
Salinity
Depth

Temperature

Dissolved Oxygen

Salinity

-0.815***
-0.193***
-0.025

0.142***
0.077**

-0.029

Depth

The NMDS of 6 environmental variables (% sand, % silt, % clay, salinity, temperature,
dissolved oxygen) measured across Lake Pontchartrain indicated a high degree of
separation between east and west as well as seasonal receiver stations. More specifically,
the ordination plot showed that sediment composition was spatially structured, with
relatively high % sand in the northeastern regions of Lake Pontchartrain as compared to
primarily mud (i.e., fairly even proportions of silt and clay) in the remainder of the
system (Figure 3.8).
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Figure 3.8. Two-dimensional non-metric multidimensional scaling (NMDS) ordination of
the geopositions of individual receiver locations based on sediment composition data.
Colored symbols indicate the above-bottom structure classification associated with each
station. Length of arrows reflects the relative strength of correlation where vectors begin
in the center of the ordination and are in the positive direction. Substrate variables (%
sand, % silt, % clay) are the proportions standardized to 1.

Further, whereas the physiochemical relatedness of receiver stations appeared to be
nearly identical in terms of temperature and dissolved oxygen, salinity clearly increased
towards the eastern receiver locations over all seasons (Figure 3.9A-D).
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Figure 3.9. Two-dimensional non-metric multidimensional scaling (NMDS) ordination of
the geopositions of individual receiver locations based on physiochemical data. Each
point represents an individual receiver station, and the colored arrows represent water
temperature (red), dissolved oxygen (green), and salinity (blue). Seasons are defined as:
Fall (Sep. – Nov.), Winter (Dec. – Feb.), Spring (Mar. – May), and Summer (Jun. –
Aug.). Length of arrows reflects the relative strength of correlation where vectors begin
in the center of the ordination and are in the positive direction.
Variable coefficient generalized additive models (GAMs)
The full formulation of each base GAM (i.e., models that included all parametric,
nonparametric smoothed, and variable coefficient terms) substantially outperformed all
other reduced models based on AIC scores (ΔAIC > 10.0), and were the only models
subsequently considered (Table 3.5). The population density GAM explained 76.8% of
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the deviance in observed spotted seatrout density (ct), whereas the sex-specific and sizespecific individual level occupancy GAMs explained 37.6% and 23.5% of the deviance in
observed spotted seatrout presence (p), respectively. Strong seasonal dependencies on
spotted seatrout density were apparent; specifically, the partial effect of season indicated
that the highest densities occurred in spring (Figure 3.10A). Moreover, there were
significant differences in distribution patterns across fall, winter, spring, and summer
periods (Figure 3.10B-E). Aside from the westernmost region of Lake Pontchartrain, the
distribution of spotted seatrout was relatively evenly dispersed across the estuary during
the fall season (Figure 3.10B), but was highest mid-estuary throughout the winter (Figure
3.10C). Transition into the spring and summer seasons, however, showed a much more
restricted range of spotted seatrout, concentrated primarily in the lower estuary (Figure
3.10D-E). Results further indicated that temperature had a significant effect on spotted
seatrout density whereas salinity showed only a slightly positive nonlinear effect (Table
3.5). Although there was little variation in spotted seatrout density with respect to
salinity, densities were highest at salinities greater than 15 ‰ (Figure 3.10F) and
temperatures between 15 and 25 °C (Figure 3.10G). In any case, the salinity influence on
spotted seatrout density is somewhat unclear given the broad confidence band at high
values, which initially make salinity appear to be more influential on spotted seatrout
distribution as compared to temperature (i.e. the scale of the partial effect is smaller).
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Table 3.5. Top-ranked candidate model set for the spatially-explicit spotted seatrout (Cynoscion nebulosus) density (ct) and
occupancy (p) generalized additive models. Estimated coefficients are shown for parametric terms, and estimated degrees of freedom
(edf) are shown for nonparametric terms. Asterisks denote significance at the following alpha levels: * 0.05, ** 0.01, *** 0.0001. Base
is: 𝑎𝐼𝐷 + 𝑙𝑜𝑔(𝑓𝑖𝑠ℎ. 𝑡𝑜𝑡) + 𝑓1 (𝑠𝑒𝑎) + 𝑔1 (𝜙, 𝜆) ∙ 𝑠𝑒𝑎 + 𝑔2 (𝑡𝑒𝑚𝑝) + 𝑔3 (𝑠𝑎𝑙) + 𝑡𝑖(𝑡𝑒𝑚𝑝, 𝑠𝑎𝑙) ∙ 𝑠𝑒𝑎, where 𝑎𝐼𝐷 is the individualspecific random coefficient, fish.tot is the ‘Total Fish Available’ offset term, sea is the season, 𝜙 is latitude, 𝜆 is longitude, temp is
the water temperature, sal is the salinity, fs are parametric terms, gs are non-parametric smoothing functions, and ti is the tensor
product interaction.
Model

aID

𝑓(𝑠𝑒𝑎)

𝑓(𝑠𝑒𝑥)

𝑔(𝜙, 𝜆) 𝑔(𝜙, 𝜆) 𝑔(𝑡𝑒𝑚𝑝) 𝑔(𝑠𝑎𝑙) 𝑔(𝑡𝑒𝑚𝑝) 𝑔(𝑠𝑎𝑙) 𝑔(𝑡𝑒𝑚𝑝, 𝑇𝐿) 𝑔(𝑠𝑎𝑙, 𝑇𝐿) 𝑔(𝜙, 𝜆, 𝑇𝐿) 𝑡𝑖(𝑡𝑒𝑚𝑝, 𝑠𝑎𝑙)
∙ 𝑠𝑒𝑎
∙ 𝑠𝑒𝑥
∙ 𝑠𝑒𝑥
∙ 𝑠𝑒𝑥
∙ 𝑠𝑒𝑎
∙ 𝑠𝑒𝑎

Base1

-19.1***

2.4***
(Sp)

na

23.4***
(Fa)

Base1 –
offset

Base1 –
ti(temp,sal) ∙
𝑠𝑒𝑎

-3.8***

-24.0***

na

4.8***

2.8

na

na

na

na

na

8.3***
(Fa)

0.3
(Su)

23.6***
(Sp)

6.1***
(Sp)

2.0***
(Wi)

6.3***
(Su)

1.0**
(Su)

21.2***
(Wi)

7.1***
(Wi)

5.1***
(Sp)

na

23.3***
(Fa)

na

4.3***

3.1*

na

na

na

na

na

12.0***
(Fa)

1.8***
(Su)

23.6***
(Sp)

9.3***
(Sp)

4.5***
(Wi)

6.6***
(Su)

1.0***
(Su)

20.9***
(Wi)

6.4***
(Wi)

0.5***
(Sp)

na

21.5***
(Fa)

-0.2
(Su)

21.4***
(Sp)

0.3*
(Wi)

6.1***
(Su)

na

5.8***

3.5*

na

19.8***
(Wi)
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na

na

na

na

na

ΔAIC

Dev. ex.
(%)

0.0

76.8

92.1

75.3

162.1

72.4

Table cont’d.
Model

aID

𝑓(𝑠𝑒𝑎)

𝑓(𝑠𝑒𝑥)

𝑔(𝜙, 𝜆) 𝑔(𝜙, 𝜆) 𝑔(𝑡𝑒𝑚𝑝) 𝑔(𝑠𝑎𝑙) 𝑔(𝑡𝑒𝑚𝑝) 𝑔(𝑠𝑎𝑙) 𝑔(𝑡𝑒𝑚𝑝, 𝑇𝐿) 𝑔(𝑠𝑎𝑙, 𝑇𝐿) 𝑔(𝜙, 𝜆, 𝑇𝐿) 𝑡𝑖(𝑡𝑒𝑚𝑝, 𝑠𝑎𝑙)
∙ 𝑠𝑒𝑎
∙ 𝑠𝑒𝑥
∙ 𝑠𝑒𝑥
∙ 𝑠𝑒𝑥
∙ 𝑠𝑒𝑎
∙ 𝑠𝑒𝑎

Base2

-69.1***

37.7***
(Sp)

-2.9***
(M)

45.9***
(Fa)

2.0***
(F)

180.1*
(Su)

47.3***
(Sp)

26.6***
(M)

47.6***

32.7***

10.8***

(Wi)

(Su)

(Su)

47.1***

15.9***

na

na

8.8***
(F)

8.0***
(F)

7.8***
(M)

6.9***
(M)

na

na

na

Base2 –
𝑔(𝜙, 𝜆) ∙ 𝑠𝑒𝑥

Base3

-58.5***

-69.0***

-19.0***

42.3***
(Sp)

2.0***
(F)

218.8**
(Su)

47.3***
(Sp)

26.7***
(M)

47.5***
(Wi)

32.8***
(Su)

11.0***
(Su)

47.1***
(Wi)

15.9***
(Wi)

2.0***
(M)

47.9***
(Fa)

na

na

na

na

na

8.8***
(F)

8.0***
(F)

7.8***
(M)

6.9***
(M)

8.9***
(F)

8.0***
(F)

7.9***
(M)

7.9***
(M)

na

na

na

14.9***
(Fa)

na

na

na

14.9***
(Fa)

47.3***
(Sp)

47.6***
(Wi)

32.7***
(Su)

10.9***
(Su)

47.1***
(Wi)

15.8***
(Wi)
0.1***
(Fa)

-0.4
(Su)

0.9***
(Sp)

3.2***
(Sp)

2.5***
(Wi)

0.3***
(Su)

1.0***
(Su)

0.7***
(Wi)

8.6***
(Wi)

na

850.6

37.5

2280.7

37.2

0.0

23.5

15.9***
(Sp)

0.5***
(Fa)

na

37.6

15.9***
(Sp)

189.8**
(Su)

3.1***
(Sp)

0.0

(Wi)

45.9***
(Fa)

38.2***
(Sp)

-2.7***
(M)

Dev. ex.
(%)

15.9***
(Sp)

(Wi)
Base2 – offset

14.9***
(Fa)

ΔAIC

na

na

na

na
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na

0.1***

2.5***

Table cont’d.
aID

𝑓(𝑠𝑒𝑎)

𝑓(𝑠𝑒𝑥)

𝑔(𝜙, 𝜆) 𝑔(𝜙, 𝜆) 𝑔(𝑡𝑒𝑚𝑝) 𝑔(𝑠𝑎𝑙) 𝑔(𝑡𝑒𝑚𝑝) 𝑔(𝑠𝑎𝑙) 𝑔(𝑡𝑒𝑚𝑝, 𝑇𝐿) 𝑔(𝑠𝑎𝑙, 𝑇𝐿) 𝑔(𝜙, 𝜆, 𝑇𝐿) 𝑡𝑖(𝑡𝑒𝑚𝑝, 𝑠𝑎𝑙)
∙ 𝑠𝑒𝑎
∙ 𝑠𝑒𝑥
∙ 𝑠𝑒𝑥
∙ 𝑠𝑒𝑥
∙ 𝑠𝑒𝑎
∙ 𝑠𝑒𝑎

-17.3***
Base3 –
𝑔(𝑡𝑒𝑚𝑝, 𝑇𝐿) –

3.3***
(Sp)

na

na

𝑔(𝑠𝑎𝑙, 𝑇𝐿)

Model

44.1***
(Fa)

10.7***
(Fa)

-0.4
(Su)

89.4***
(Sp)

3.1***
(Sp)

2.5***
(Wi)

22.1***
(Su)

1.0***
(Su)

68.6***
(Wi)

8.6***
(Wi)

na

7.7***

1.4***

na

1

na

na

na

ΔAIC

Dev. ex.
(%)

163.1

22.8

Negative binomial population density GAM
Sex-based binomial individual level occupancy GAM
3
Length-based binomial individual level occupancy GAM
Abbreviations used are AIC = Akaike information criterion, Dev. ex. = deviance explained by the model, Fa = Fall, Sp = Spring, Su =
Summer, Wi = Winter, F = Female, M = Male.
ΔAIC is the difference between the AIC and the smallest AIC value.
na denotes that a covariate was not available to that particular model.
2
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Figure cont’d.

Figure 3.10. Partial effects of (A) season, (B) spatial position in the fall, (C) winter, (D)
spring, (E) and summer months, (F) water temperature, and (G) salinity on spotted
seatrout (Cynoscion nebulosus) density, estimated from the population density variable
coefficient generalized additive model. Categories of season are fall (Fa), spring (Sp),
summer (Su), and winter (Wi). Shaded areas on 1-dimensional smooth plots and dashed
lines on classification variable plots represent 95% confidence intervals. Tick marks on
the x-axis indicate the density of sampling points for each covariate. Spatially-explicit
seasonal terms are shown as contour plots where white indicates the highest influence on
density (positive effect), whereas red indicates the lowest influence on density (negative
effect). The y-axis represents the conditional effect of the independent variable (i.e.
relative importance given that the other variables are included in the model), where a
value of zero corresponds to no effect of the explanatory value.

Interestingly, the response of spotted seatrout to either temperature or salinity was fairly
consistent between males and females, as measured by the sex-specific variable
coefficient terms included in the individual level occupancy GAM (Figure 3.11A-D).
Although there was a strong negative effect on spotted seatrout occupancy between both
sexes at temperatures greater than ~ 25 °C, male spotted seatrout were less tolerant of
temperatures below ~ 12 °C as compared to females. In addition, there appears to be a
sharp decrease in spotted seatrout occupancy at salinities greater than ~ 7 ‰, but this is
likely an extrapolation of the salinity effect beyond the range of sampled salinities.
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Figure 3.11. Partial effects of (A) water temperature for female and (B) male, and (C)
salinity for female and (D) male spotted seatrout (Cynoscion nebulosus) occupancy given
presence as estimated from the sex-based individual level variable coefficient generalized
additive model. Shaded areas on 1-dimensional smooth plots represent 95% confidence
intervals, and tick marks on the x-axis indicate the density of sampling points for each
covariate. The y-axis represents the conditional effect of the independent variable (i.e.
relative importance given that the other variables are included in the model), where a
value of zero corresponds to no effect of the explanatory value.
Strong associations with total length, on the other hand, were evident, where the
relationship of salinity to spotted seatrout presence was multimodal (Figure 3.12B). More
specifically, the highest presence of smaller spotted seatrout (300 – 400 mm) was found
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at lower salinities (0 – 5 ‰) whereas the highest presence of larger spotted seatrout (500
– 600 mm) was found at higher salinities (8 – 12 ‰). Temperature revealed a more
uniform relationship across the size of spotted seatrout examined (Figure 3.12A).
Although high temperatures (> 25 °C) were shown to have a significant positive
influence on the presence of spotted seatrout greater than 500 mm total length, this effect
may have resulted as an artifact of insufficient sampling densities of larger spotted
seatrout (n = 10). Dissolved oxygen, substrate type, above-bottom structure, and depth
variables were not selected by the top-ranked candidate models, and thus were considered
to be non- significant (i.e. the partial effect of these variables on spotted seatrout density
and occupancy was assumed to be negligible).

Figure 3.12. Partial effects of (A) water temperature as a function of total length and (B)
salinity as a function of total length on the probability of spotted seatrout (Cynoscion
nebulosus) presence as estimated from the length-based individual level variable
coefficient generalized additive model. Response curves for 2-dimensional smoothing
functions are shown as perspective plots where white indicates the highest influence on
presence (positive effect) and red indicates the lowest influence on presence (negative
effect). Black dots on the x-y plane indicate the density of sampling points for each
covariate. The z-axis represents the conditional effect of the independent variable (i.e.
relative importance given that the other variables are included in the model), where a
value of zero corresponds to no effect of the explanatory value.
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Predicted seasonal probability of occurrence
To examine the spatial and temporal dynamics of spotted seatrout in Lake
Pontchartrain, continuous probability surfaces were plotted for each individual level
occupancy GAM separately17. Both the sex-based and length-based models predicted
distinct intra-annual differences in the spatial distribution of spotted seatrout. The highest
mean predicted probability of occupancy occurred in the spring (x̅ = 44.8%) and fall (x̅ =
33.9%) seasons, whereas probabilities < 0.2 were observed over most of the estuary
throughout the summer and winter periods for both males (Figure 3.13A-D) and females
(Figure 3.14A-D). Low probabilities were presumably associated with a combination of
high temperatures (> 30 °C) and low salinities (< 2.5 ‰) during the summer of 2013 and
2014, as well as temperatures less than 0 °C resulting from the hard freeze events that
occurred from 6 January 2014 to 8 January 2014. Although comparisons of the sexspecific model predictions showed spatial consistency between the fall (September –
November) and summer (June – August), there were slight variations between the
distribution patterns of male and female spotted seatrout over the spring (March – May)
and winter (December – February) seasons. Specifically, the spatial pattern of female
spotted seatrout during the spring was more evenly dispersed across Lake Pontchartrain
(Figure 3.14C), with probabilities ranging from 0.3 to 0.7 across the majority of the study
area (83%). On the other hand, the core area occupied by male spotted seatrout was
concentrated to two centralized locations within Lake Pontchartrain, namely an area of
177 km2 in the south-central region of the estuary and an area of 250 km2 along the

17

Model-specific predictions were generated from a continuous grid of 500 m2 cells
using the ‘marmap’ package in R 2.1.3 (Pante and Simon-Bouhet 2013).
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western shoreline of the estuary (Figure 3.13C). In the winter, males were concentrated to
a slightly more restricted area along the western shoreline of the estuary (195 km2),
where the average likelihood of occupancy was nearly 37-times greater than for female
spotted seatrout (Figure 3.13B). Overall, the lowest female occupancies (0.1 – 10.4%)
were observed across Lake Pontchartrain during the winter period (Figure 3.14B).

Figure 3.13. Predicted probability of male spotted seatrout (Cynoscion nebulosus)
occupancy given presence for the (A) fall, (B) winter, (C) spring, and (D) summer
seasons as estimated from the sex-based individual level variable coefficient generalized
additive model. Color key to the right of each plot indicates the response at the average
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value of all other model covariates (water temperature, salinity, total fish available).
Bathymetry isobaths are 2, 4, 5, 10, and 15 m.

Figure 3.14. Predicted probability of female spotted seatrout (Cynoscion nebulosus)
occupancy given presence for the (A) fall, (B) winter, (C) spring, and (D) summer
seasons as estimated from the sex-based individual level variable coefficient generalized
additive model. Color key to the right of each plot indicates the response at the average
value of all other model covariates (water temperature, salinity, total fish available).
Bathymetry isobaths are 2, 4, 5, 10, and 15 m.

Similar to seasonal variations in the spatial distribution of male and female
spotted seatrout, the length-based individual level occupancy GAM revealed that mean
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probability of presence for all size ranges combined was highest in the spring (x̅ = 22.9%)
and lowest in the summer (x̅ = 1.8%). Although probabilities in the summer were
typically < 0.2 over the entire estuary for all size classes alike, patterns of predicted
occupancy were strikingly dissimilar between fish of small-intermediate (396 – 444 mm
TL) size (Figure 3.15A-D; Figure 3.16A-D) and those of large (500 mm TL) size (Figure
3.17A-D). More specifically, high probability zones in the spring were found farthest to
the east of Lake Pontchartrain for 500 mm spotted seatrout (Figure 3.17C), but the
average likelihood of encountering a small-intermediate sized spotted seatrout between
March and May decreased by 69 – 71% (Figure 3.15C; Figure 3.16C). In addition, winter
occupancy of 500 mm spotted seatrout was much higher (x̅ = 45%) along the northcentral border of the estuary (Figure 3.17B) relative to the distribution of small and
intermediate sized individuals (Figure 3.15B; Figure 3.16B). In contrast, presence of
small-intermediate spotted seatrout was highest in the fall (x̅ = 36.8% and 14.6%,
respectively), where individuals in the 396 mm and 444 mm size class were concentrated
to areas along the northeastern shoreline of Lake Pontchartrain (Figure 3.15A; Figure
3.16A). In contrast, probabilities were uniformly low throughout the study area for 500
mm spotted seatrout during the fall, ranging from only 0.1% to 31.4% (Figure 3.17A).
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Figure 3.15. Predicted probability of 396 mm TL spotted seatrout (Cynoscion nebulosus)
presence for the (A) fall, (B) winter, (C) spring, and (D) summer seasons as estimated
from the length-based individual level variable coefficient generalized additive model.
Color key to the right of each plot indicates the response at the average value of all other
model covariates (water temperature, salinity, total fish available). Bathymetry isobaths
are 2, 4, 5, 10, and 15 m.
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Figure 3.16. Predicted probability of 444 mm TL spotted seatrout (Cynoscion nebulosus)
presence for the (A) fall, (B) winter, (C) spring, and (D) summer seasons as estimated
from the length-based individual level variable coefficient generalized additive model.
Color key to the right of each plot indicates the response at the average value of all other
model covariates (water temperature, salinity, total fish available). Bathymetry isobaths
are 2, 4, 5, 10, and 15 m.
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Figure 3.17. Predicted probability of 500 mm TL spotted seatrout (Cynoscion nebulosus)
presence for the (A) fall, (B) winter, (C) spring, and (D) summer seasons as estimated
from the length-based individual level variable coefficient generalized additive model.
Color key to the right of each plot indicates the response at the average value of all other
model covariates (water temperature, salinity, total fish available). Bathymetry isobaths
are 2, 4, 5, 10, and 15 m.
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3.4. DISCUSSION

The ability to predict biological responses to environmental change at both the
individual and population-level is a fundamental element of fisheries conservation and
management planning (Crossin et al. 2017). Unfortunately, the responses of organisms to
dynamic habitat features (e.g. salinity and temperature) is oftentimes not straightforward
and can be quite complicated when considering the complex arrangement of biotic habitat
types within estuarine environments (Eby and Crowder 2002, Bell et al. 2003). Although
the processes underlying habitat selection of fish populations can be complex,
understanding the biological requirements of ecologically and economically important
species is paramount, especially in coastal Louisiana where restoration measures to
combat dramatic land loss are currently underway18. In particular, given the unknown
impacts on the movement and distribution of estuarine fishes, large-scale sediment
diversions proposed under the 2017 Coastal Master Plan have been the focus of much
contentious debate among various stakeholders. For instance, due to the resulting
expansion of oligohaline zones, and likewise contraction of higher salinity meso- to
polyhaline zones (5 – 18 ‰) within Louisiana estuaries (Lane et al. 2007), recent
ecosystem modeling efforts have shown that controlled operation of both the MidBarataria and Mid-Breton diversions elicit changes in population biomass resulting from
the redistribution of nektonic organisms (de Mutsert et al. 2017) that may result in
localized depletion of estuarine-dependent species.

18

For a complete review of the coastal restoration projects currently being overseen by
the Louisiana Coastal Protection and Restoration Authority (CPRA) refer to the 2017
Coastal Master Plan (Available: coastal.la.gov/2017-coastal-master-plan/).
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Despite recent efforts to characterize the relative value of adult spotted seatrout
habitat use patterns (MacRae and Cowan 2010; Callihan 2011; Bramer 2015), a
comprehensive understanding of the driving mechanisms behind distinct spatio-temporal
distribution patterns is still lacking. Although conventional knowledge suggests that
spotted seatrout prefer higher salinity environments, thereby avoiding oligohaline
conditions (Wohlschlag and Wakeman 1978; Bourgeois et al. 1995), broad tolerances of
the species to different water quality regimes have been extensively documented; spotted
seatrout are reportedly found in salinity ranges between 0.2 and 75 ‰ (Simmons 1957;
Perret et al. 1971) and temperature ranges between 5 and 35 °C (Etzold and Christmas
1979). Sub-optimal conditions, however, have been observed during periods of prolonged
exposure to low-temperature (< 7 °C) extremes (Ellis 2014; Ellis et al. 2017), as well as
rapid basin-wide freshening events (< 5 ‰) persisting for several days (Callihan et al.
2015). Further, previous research has supported the notion that spotted seatrout are
habitat generalists, with no definitive habitat affinities (MacRae and Cowan 2010;
Callihan 2011; Bramer 2015). Although both biotic and abiotic characteristics of the
environment frequently act together to influence resource selection patterns of many
estuarine species (Hayes et al. 1996), habitat suitability studies have commonly used a
piece-meal approach to identifying important fish habitat by considering these factors in
isolation. Consequently, rather than harnessing the ability to precisely define the linkage
between resource availability and species’ occurrence, habitat associations can only
generally be described.
The use of highly flexible statistical techniques has become widely adopted in
ecological studies to model habitat relationships that simultaneously consider the
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influence of multiple species-environment interactions on fish populations (Maravelias et
al. 2000; Stoner et al. 2001; Kupschus 2003; Jensen et al. 2005; Bacheler et al. 2009a;
2009b). In particular, variable coefficient GAMs are ideally suited to ecological data
applications since biological responses, as well as any relating covariates, change over
space and time (Hastie and Tibshirani 1993), and thus have been widely recognized as an
important tool for understanding species’ distributions (Guisan et al. 2002). Moreover,
due to the high-resolution of acoustic telemetry, combination of this technology with
spatially-explicit habitat models lends the capacity to link species’ movement and
utilization patterns to simultaneously measured environmental conditions. This provides
valuable knowledge regarding the complexities of fish population dynamics, interactions,
and responses to anthropogenic and natural stressors (Crossin et al. 2017). Although these
integrative approaches permit several important research applications that are otherwise
difficult to perform (e.g., predictions of spatial distribution and movement patterns of the
species in relation to dynamic habitat characteristics, identification of essential habitats
needed for species’ conservation with respect to reproduction, survival, and growth (Beck
et al. 2001), and opportunities to project the potential impact of habitat disturbances and
alterations on species of concern), only recently has acoustic telemetry been applied in
this manner.
In the current study, a two-stage modeling approach was used to examine habitat
relationships of adult spotted seatrout, as well as define both population and individuallevel behavioral responses to various environmental components driving the species’
distribution patterns. Specifically, three primary variable coefficient GAMs were
developed to describe habitat preferences of adult spotted seatrout by: 1) examining the
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influence of important water quality (salinity, temperature, dissolved oxygen),
microhabitat (above-bottom structure, substrate type), geographic (depth, latitude,
longitude), and temporal (year, season) factors, 2) determining whether spotted seatrout
occupancy is a function of either a sex-specific or size-specific functional response to
these environmental drivers, and 3) characterizing the seasonal distribution patterns of
spotted seatrout in Lake Pontchartrain relative to observed sex-specific and size-specific
differences to the habitat features measured.
The spatial dynamics of adult spotted seatrout (ages 1 – 6+) in Lake Pontchartrain
can largely be explained by seasonal changes in environmental conditions. More
specifically, salinity and temperature were the dominant processes underlying distribution
patterns of the species in the population density and individual level occupancy models.
Although the relationship to both variables showed a strong preference of spotted seatrout
to increasing water temperature and salinity, the magnitude of the temperature effect was
much smaller, presumably due to the narrow range of temperature values observed across
Lake Pontchartrain during a respective season (± 7 °C). Alternatively, dissolved oxygen,
depth, above-bottom structure, and substrate type showed little ability to explain spotted
seatrout distribution patterns within Lake Pontchartrain. This is not surprising
considering that these variables are in general, either spatially homogenous or temporally
static, and thus cannot effectively account for intra-annual changes. In addition, although
correlation with temperature is recognized (i.e. redundant information provided by two
independent variables), lack of significance with dissolved oxygen is likely explained by
the limited seasonal variability among receiver stations, as well as by the absence of low
oxygen levels observed during the study; the influence of dissolved oxygen on the
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distribution, abundance, and diversity of organisms primarily occurs at low oxygen levels
(< 2 mgL-1).
Although spotted seatrout appear to be able to tolerate a wide range of
environmental conditions, this study reveals specific associations with both temperature
and salinity. The highest spotted seatrout densities were found between 15 and 25 °C,
consistent with previously reported optimum temperatures between 15 and 27 °C for the
species (Tabb 1958). Further, spotted seatrout showed a distinct preference for salinities
above 15 ‰, but were also present in salinities as low as 0.03 ‰. Given that adverse
conditions for this species are considered to occur beyond the salinity range of 10 – 45 ‰
(Wohlschlag and Wakeman 1978), it is unclear why spotted seatrout continue to occupy
these sub-optimal habitats. One plausible explanation is that spotted seatrout exhibit local
adaptation to the salinity regime of natal estuaries (Kucera et al. 2002; Holt and Holt
2003; Froeschke and Froeschke 2011), lending merit for a regional management
approach to more effectively monitor spotted seatrout populations among the five major
basins within Louisiana (e.g. Pontchartrain, Barataria, Terrebonne-Timbalier, VermillionTeche, and Calcasieu).
Moreover, although the population density model suggests that temperature and
salinity are key determinants of spotted seatrout distribution, the individual level
occupancy model revealed that preferences for these factors were found to have an
interactive effect with total length on spotted seatrout presence. Specifically, smallintermediate sized spotted seatrout (300 – 400 mm) were more highly associated with
areas of decreasing salinity (< 5 ‰) than large spotted seatrout (500 – 600 mm).
Although past research studies have indicated that juvenile spotted seatrout (< 150 mm)
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were most abundant in areas of lower salinity (Baltz et al. 2003; Flaherty-Walia et al.
2015), size-specific suitabilities of adult spotted seatrout have not previously been
documented in the scientific literature. Differential habitat selection patterns may be
regulated by physiological constraints in addition to behavioral responses that increase
the fitness potential of spotted seatrout, but more research is needed to disentangle direct
effects of salinity from confounding factors, such as predator-prey interactions, prey
availability, and conspecific densities. For instance, the fall distribution pattern of small
spotted seatrout (396 mm TL) was most strongly associated with areas of dense SAV
beds along the northeastern shoreline of Lake Pontchartrain (Cho and Poirrier 2005) that
may provide enhanced foraging opportunities and reduced predation risk for more
vulnerable size classes (Heck and Orth 1980; Rozas and Minello 1998; Heck et al. 2003;
Minello et al. 2003; Bloomfield and Gillanders 2005; Jelbart et al. 2007); association
with seagrass by early juvenile spotted seatrout has been well established (McMichael
and Peters 1989; Rooker et al. 1998; Neahr et al. 2010; Flaherty-Walia et al. 2015).
Although adult spotted seatrout generally show no consistent patterns of habitat selection
(MacRae and Cowan 2010; Bramer 2015) an important consideration is that behavioral
plasticity between size classes may provide evidence for later maturation schedules than
previously reported (Gillanders et al. 2003). For example, although sexual maturity of
male and female spotted seatrout based on gonadal development was found at lengths of
210 mm TL and 247 mm TL (Nieland et al. 2002), respectively, functional maturity may
occur at larger sizes (i.e. spawning capability may not determine spawning activity), and
thus distinct shifts in habitat may be a better indicator of spawning stock biomass (SSB)
than size alone (Lowerre-Barbieri et al. 2016).
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Further, male and female spotted seatrout responded similarly to both salinity and
temperature regimes observed in Lake Pontchartrain. However, recent studies have
documented sex-specific tolerances for the species (Callihan 2011; Callihan et al. 2015),
hypothesizing that females are less efficient osmoregulators at lower salinities due to
higher growth rates and energy expenditure on gamete production; greater gonadal
development in males may be linked to the lower energetic cost of spermatogenesis as
compared to oogenesis (Schärer and Robertson 1999). Although both male and female
spotted seatrout were found to tolerate salinities as low as 1.01 ‰ in this study, male
spotted seatrout showed an affinity for the upper estuary, particularly in the winter and
spring seasons. It is possible that the response of spotted seatrout to salinity may not have
been well quantified in the present study given the small sample size of males (n = 1 – 3)
active during periods of high salinity (> 10 ‰). Moreover, differential use of the upper
and lower estuary between males and females may be exaggerated due to the release
timing and location of each individual fish, especially since the average time at large
(TAL) for all tagged fish was only 87 days. For example, because the period of detection
was generally low, it is unlikely to detect fish in subsequent seasons after release,
potentially resulting in unrepresentative samples during these months19. Alternatively, the
observed distribution patterns in Lake Pontchartrain may be related to sex-specific

19

Refer to Figure B.1 in Section B.2 Estimation of Survival from Acoustic Tagging
Methods for the number of fish acoustically ‘active’ by release group over the duration of
the study period.
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seasonal migrations partially driven by reproduction cycles20 and prey availability, but
research needed to evaluate these mechanisms was beyond the scope of this study.
Despite the strengths of the modeling approach used, in addition to the inclusion
of a number of biologically meaningful parameters, several limitations are acknowledged.
Although the population density GAM indicated good explanatory power (76.8%), the
individual level occupancy GAMs explained only a fraction (23.5 – 37.6%) of the
variability in spotted seatrout presence. This suggests that some important variables in the
habitat selection of this species may not have been included. For example, current
velocity, large-scale phenomena (e.g. tropical storms, frontal passages, Bonnet Carré
Spillway openings, etc.), prey abundance, and density-dependent processes that may
influence the spatial dynamics of spotted seatrout (e.g. annual recruitment, population
biomass) were not included in the present study. In addition, evaluation of spotted
seatrout distribution at smaller spatial (e.g. micro-scale vs. basin-wide habitat use) and
temporal (e.g. daily vs. monthly) scales may elucidate specific utilization patterns. For
example, a recent fine-scale positioning study revealed strong diel dependencies of
spotted seatrout habitat usage, where individuals were closely associated with seagrass
during the day before transitioning largely to bare substrate at night (Moulton et al.
2017). Moreover, it is necessary to recognize that species’ distribution maps are static
representations of a state at a given point in time, and thus do not reflect dynamic
changes of a population (i.e. fluctuations in the spatial distribution of a population are
underestimated). Further, the generality of habitat models often precludes their

20

For instance, Lowerre-Barbieri et al. (2013) revealed differences in reproductive
strategies of male and female spotted seatrout in Tampa Bay, Florida, particularly with
respect to reproductive timing and spawning frequency.
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transferability and therefore the application of model predictions to other systems is
cautioned (Kupschus 2003; Jensen et al. 2005).
Nonetheless, this study has demonstrated the utility of integrating acoustic
telemetry with ecological modeling to examine the underlying factors (e.g.
physicochemical, microhabitat, geographic, and temporal variables) regulating spotted
seatrout distribution in more detail than previously possible. Contrasting environmental
regimes are widely known to influence the spatial dynamics of fish species (Blaber and
Blaber 1980; Peterson and Ross 1991; Wagner and Austin 1999; Greenwood 2007;
Greenwood et al. 2007), oftentimes locally affecting demographic rates (e.g. growth and
survival) that may contribute to regional differences in fish abundance. Consequently,
determining the relative influence of a suite of habitat characteristics has important
implications to fisheries’ managers. Although there is growing awareness of the need to
incorporate these concepts into routine stock assessments to better guide fisheries
planning and management strategies (Goethel et al. 2011, 2015), rarely has this approach
been exercised in practice. Management of the spotted seatrout fishery has traditionally
been based on harvest control rules (i.e. minimum length and daily bag limits), largely
ignoring the habitat requirements of this species (Dippold et al. 2016). However, recent
advances in the analytical capacity of many fisheries’ science applications, such as those
described herein, will continue to inform our knowledge about the spatial ecology of
spotted seatrout, undoubtedly leading to a better understanding of the interactive
processes between fish population dynamics and the environment to ensure the future
sustainability of this important recreational species.
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CHAPTER 4. SURVIVAL AND MOVEMENT RATE ESTIMATES FOR
SPOTTED SEATROUT IN LAKE PONTCHARTRAIN, LOUISIANA
4.1. INTRODUCTION

Proper management of exploited fish populations depends on a clear
understanding of mortality rates and movement patterns across a species’ range (e.g. the
level of exploitation a stock can sustain is directly dependent on survival). However,
accurately quantifying these demographic parameters has proven difficult from a fisheries
perspective, and may have serious implications for developing effective management
plans. A poor understanding of the dynamic aspects of mortality influencing the
abundance of coastal fish populations can lead to inaccurate stock assessments, and
consequently, misguided harvest recommendations (Zheng et al. 1997; Clark 1999;
Williams 2002). Obtaining unbiased estimates of the mortality rates fish stocks are
subject to has, thus, been a central goal of fisheries stock assessment and management
(Hilborn and Walters 1992; Quinn and Deriso 1999).
Traditional stock assessments have historically relied on tag-return data collected
from fishery-dependent sources to provide scientific advice to management agencies
(Cadrin and Dickey-Collas 2015). Although conventional tagging data can play a
valuable role in fisheries assessment and management, they often do not provide the
adequate spatial and temporal resolution needed to address key uncertainties in the
specific timing of mortality, as well as the spatial complexity of movement patterns (i.e.
information is limited to only initial release and subsequent recapture). Substantial
progress in the field of fisheries stock assessments, however, has led to an increased
demand for higher quality data about biological and fishery processes necessary to more
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effectively manage fish populations (Quinn 2003; Punt et al. 2015). Accordingly, the
integration of multiple data sources into fisheries stock assessment models has become
increasingly common in recent years (Fournier et al. 1998; Maunder 1998, 2001;
Hampton and Fournier 2001; Bull et al. 2005; Methot and Wetzel 2013), and has helped
to improve management strategy evaluations for a range of species (Haist et al. 1999;
Taylor et al. 2011). In particular, electronic tagging data can be useful in this respect, and
has the additional benefit of providing fishery-independent information with quantifiable
uncertainty (i.e. estimation of mortality rates is no longer contingent on tag reporting).
Acoustic telemetry is increasingly being incorporated into fisheries stock
assessments (Sippel et al. 2015), and offers several advantages over conventional tagreturn studies1. The relatively recent and rapid development of electronic tags has
dramatically increased the ability to collect reliable information on a number of life
history characteristics, including movement, survival, and stock structure, needed to
manage recreational fish stocks at finer spatiotemporal scales than previously possible.
Despite the potential to advance our understanding of the spatial and temporal
components of fish population dynamics, the application of tag-integrated assessments to
improve fisheries’ management is currently limited (but see Kurota et al. 2009; Taylor et
al. 2011; Eveson et al. 2012; Goethel et al. 2015). The need for more accurate estimates
of demographic parameters in exploited fish populations has prompted the expansion of
alternative methods that provide information about movement and survival rates that does
not rely on traditional stock assessment approaches (reviewed in Pine et al. 2012).

1

One such example is that the ability to relocate telemetered fish is typically higher than
for conventionally tagged fish, allowing for more precise estimation of survival rates
(Pine et al. 2003, 2012).
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Capture-mark-recapture (CMR) modeling has become an increasingly effective
tool for conservation and management of fish populations in recent years (Pollock et al.
1990; Lebreton et al. 1992; Williams et al. 2002; Pine et al. 2003; Amstrup et al. 2005;
Sollmann et al. 2013; McCrea and Morgan 2014), with most focus on estimating
mortality of marine species (Hightower et al. 2001; Heupel and Simpfendorfer 2002;
Waters et al. 2005; Thompson et al. 2007; Bacheler et al. 2009; Friedl et al. 2013;
Topping and Szedlmayer 2013; Crossin et al. 2014). The standard application of CMR
methods entails relocating tagged individuals either once or multiple times to provide key
insight into survival, emigration, and movement during non-capture periods, and more
recently has been used for informing abundance estimates of targeted populations
(Pollock et al. 2004; Eveson et al. 2012; Bird et al. 2014). The Cormack-Jolly-Seber
(CJS) model (Cormack 1964; Jolly 1965; Seber 1965) is a commonly used and welldeveloped approach for the analysis of open populations (i.e., births, deaths, emigration,
or immigration may occur during sampling) that derives apparent survival (i.e., the
conditional probability of survival given availability in the study area) probabilities from
individual encounter histories while accounting for imperfect detection rates (i.e.,
detection probability (p) ≠ 1).
Although the CJS model has successfully been applied to fisheries studies
utilizing acoustic telemetry (Melnychuk 2009; Welch et al. 2009; Dudgeon et al. 2015),
valuable information may be lost when consolidating data into a single binary outcome
(i.e., detected =1, not detected = 0), and thus ignoring the spatial structure of recapture
events (Gardner et al. 2010). Spatial multistate mark-recapture (MSMR) models are an
extension of classic CMR models that stratify apparent survival and transition
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(movement) probabilities (𝜓) across different geographic states (Lebreton and Pradel
2002; Schwarz 2009). MSMR models have been used to estimate exchange among
populations or life stages within a population (Nichols et al. 1992, 1993), estimate annual
survival in the presence of temporary emigration (Kendall and Nichols 2002), and
explore hypotheses in evolutionary ecology (Nichols and Kendall 1995). However, few
MSMR fisheries models using electronic tagging methods exist (Buchanan and Skalski
2010; Horton et al. 2011; Rudd et al. 2014).
The purpose of this study was to evaluate the seasonal variability in mortality and
movement patterns of spotted seatrout, Cynoscion nebulosus, in Louisiana. Spotted
seatrout are an important recreationally and commercially harvested species in the coastal
waters of the Gulf of Mexico (GOM) (Clark et al. 2003; Van Voorhees and Pritchard
2004; Stunz and McKee 2006; Neahr et al. 2010), and are the most sought after gamefish
in Louisiana (West et al. 2014). Although directed angler effort in this fishery has
increased over the past decade (NMFS 2015), lenient recreational management
regulations have been imposed for the state, including both a minimum length limit of
305 mm and a daily bag limit of 25 fish since 1988. A recent age-structured assessment
concluded that the stock in Louisiana was above the recommended spawning potential
ratio (SPR) target of 10.9% (i.e. not overfished), but has experienced fishing mortality
rates (F) exceeding the SPR10.9% threshold (i.e., overfishing) throughout the 1981 – 2013
time series2 (West et al. 2014). This suggests that while the population is currently stable,

2

Because explicit harvest control rules have not been established for the Louisiana
spotted seatrout stock, the Louisiana Department of Wildlife and Fisheries (LDWF)
derived management benchmarks from historical estimates of spawning stock biomass
(SSB) in which the stock demonstrated sustainability (i.e., precautionary limits were
imposed by requiring that SSB not fall below the lowest observed level).
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the fishery is subjected to a substantial amount of fishing pressure. Unprecedented
growth in the participation of anglers targeting spotted seatrout (NMFS 2015), and
uncertainty in the future productivity of the stock, have led to concerns about the longterm sustainability of this fishery that may warrant more conservative management
actions3.
A novel application of acoustic telemetry is presented here with the aim to
evaluate survival and movement of spotted seatrout in a Louisiana estuary for the purpose
of resolving key uncertainties related to stock structure and mortality rates. Specifically,
CMR methodologies are used to develop spatially-explicit MSMR models from the
encounter histories of tagged individuals to address three primary objectives: (i) to obtain
time-dependent estimates of true survival (S), as opposed to apparent survival (ϕ =
survival + emigration), over repeated sampling intervals by directly assessing emigration
with detection information, (ii) to characterize local migration patterns with state-specific
transition probabilities (ψ) across five ecologically-distinct geographic areas, and (iii)
determine the extent of heterogeneity in population-level parameters (S and ψ) relative to
both fixed, time-invariant traits (e.g., sex), as well as time-varying traits (e.g. age, or
equivalently size).

3

Since most recreational anglers prefer to catch larger fish, female spotted seatrout
typically experience higher annual fishing mortality rates (F; year-1) between 67% and
75% that may lead to decreased reproductive potential, thereby limiting recruitment to
the fishable stock (Murphy and Taylor 1994; Nieland et al. 2002).
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4.2. METHODS

4.2.1. Study Area
Lake Pontchartrain (1,630 km2) is a shallow, oligohaline estuary4 located in
southeastern Louisiana (Figure 4.1) that supports a diverse aquatic community and
provides an array of habitats essential for many nektonic species of recreational and
commercial importance. Despite its ecological significance, the system has undergone
extensive modification since the mid-1900s (Wagner and Hart 1986; Lopez 2009),
including alteration of the natural hydrological regime after construction of the Bonnet
Carré Spillway in 1931 to alleviate lower Mississippi River flooding (Flowers and
Isphording 1990; McCorquodale and Georgiou 2004; Georgiou et al. 2009; Roy et al.
2012, 2013) and the Inner Harbor Navigation Canal (IHNC) in 1923 to provide maritime
commerce direct access to the Port of New Orleans (Poirrier 1978; Swenson and Chuang
1983; Sikora and Kjerfve 1985; Francis and Poirrier 1999; Georgiou and McCorquodale
2000, 2001; McCorquodale et al. 2002; Li et al. 2008), habitat loss resulting from water
quality degradation (Poirrier 1978; Cho 2007; Poirrier et al. 2009) and shoreline erosion
(Fearnley et al. 2009; Martinez and Penland 2009; Reif et al. 2011), pollution introduced
by sewage effluent from wastewater treatment plants and stormwater discharge from
outfall canals along New Orleans and Jefferson parishes (Carnelos 2000, 2003; Jeng et al.
2005; Stoeckel et al. 2005; Smith et al. 2009), and shell dredging from 1933-1990 for

4

Lake Pontchartrain is generally < 6 m in depth, with a mean of 3.7 m. Salinity levels in
the estuary typically range from 2 to 9 ‰, increasing toward the eastern tidal passes and
the mouth of the IHNC (Schurtz and St. Pé 1984). Bottom sediments are dominated by
clays and silts representing 43 and 38% of the total sediment fraction, respectively
(Flowers and Isphording 1990).
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road construction and cement production, along with sand and gravel mining operations
for wetland restoration projects. Although several restoration initiatives to address many
of these environmental issues have been undertaken over the past few decades,
anthropogenic impacts have steadily increased largely due to rapid growth and
development of the surrounding areas5.

Figure 4.1. Geographic area of Lake Pontchartrain (1,637 km2), located in southeastern
Louisiana, shown as the red area of the inset and light blue area of the figure. Map also
shows the location of important landmark features, including: Bonnet Carré Spillway (BC
Spillway), Causeway Bridge (CW Bridge), Highway 11 Bridge (Hwy 11), I-10 Twin
5

In Louisiana, nearly one-third of the state population (> 1.5 million residents) lives
within the 9 parishes of the Pontchartrain basin (i.e. Ascension, St. James, St. John the
Baptist, St. Charles, Jefferson, Orleans, St. Bernard, St. Tammany, and Livingston), with
the largest percentage residing along the shores of Lake Pontchartrain (Penland et al.
2002b; Flocks et al. 2009).
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Span Bridge (I-10), Pass Manchac (M), Inner Harbor Navigation Canal (IHNC), Chef
Menteur Pass (CM), and Rigolets Pass (R).
The effect of multiple anthropogenic stressors (e.g. fishing pressure, habitat
degradation, pollution, hypoxia, saltwater intrusion, nutrient loading, land-use changes,
hydrologic alterations, and even more broadly climate change) on biological communities
is amplified when coupled with the dynamic nature of coastal ecosystems. For instance,
cumulative negative impacts of both natural and human-induced disturbances can act
synergistically to alter the resiliency of complex ecological systems, leading to
deleterious changes in community structure and species diversity that may be irreversible
(Jackson 2001; Folke et al. 2004; Cowan et al. 2008; Thrush and Dayton 2010). It is
important to recognize that the functional response of even healthy populations to sudden
shifts in ecological baselines is often unpredictable, and may result in unexpected
population collapses. The acoustic telemetry array described herein is specifically
designed with the intent to gain a more comprehensive understanding of life history
processes driving the population dynamics of an estuarine-dependent species in a heavily
degraded environment that will help avoid the pitfalls of misinformed management (e.g.
dramatic declines in abundance of once productive stocks).

4.2.2. Acoustic Array Design
Lake Pontchartrain is a semi-enclosed estuary that is connected to the coastal
ocean (i.e. Breton, Chandeleur, and Mississippi sounds) through three narrow tidal
channels, including two natural outlets located to the east. The Rigolets Pass opens into
Lake Borgne and the western Mississippi Sound and Chef Menteur Pass opens into Lake
Borgne, whereas the Inner Harbor Navigation Canal (IHNC), an artificial navigation
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canal located to the southeast, connects the south end of Lake Pontchartrain to the
Intracoastal Waterway and, until its deauthorization in 2009, the Gulf of Mexico through
the Mississippi River Gulf Outlet (MRGO). Due to the unique geomorphological
characteristics described above (i.e. access to the coastal environment is restricted to a
limited number of exit routes), Lake Pontchartrain is an ideal system for conducting
acoustic telemetric studies.
An array of 90 acoustic receivers (VR2W-69 kHz, Vemco Division AMIRIX
Systems Inc., Nova Scotia, Canada) was deployed in Lake Pontchartrain from 15
November 2012 to 15 November 2014 to continuously monitor the presence-absence of
telemetered spotted seatrout within the estuary. Twelve stationary receivers were used to
identify fish passage between the estuary into Lake Borgne and the surrounding
nearshore GOM via Rigolets Pass (n = 6), Chef Menteur Pass (n = 4), and the IHNC (n =
2); two additional receivers monitored movement into the adjacent estuary along the
western edge of Lake Pontchartrain (i.e. Lake Maurepas) through Pass Manchac (Figure
4.2). In addition, the United States Fish and Wildlife Service (USFWS) maintains 11
acoustic receivers throughout the Lake Borgne area from which data were used to
validate the emigration criteria established in Section C.1 Computation of Emigration
Rates. Comprehensive range testing efforts revealed that while receiver performance was
highly variable, detection range typically exceeded 500 m, suggesting that complete
coverage of the tidal inlets was achieved by appropriately spacing adjacent receivers
within the acoustic gates.6 The remaining acoustic receivers (n = 76) were divided among

6

Refer to Chapter 2 for more detailed information on the range testing procedures
employed throughout this study.
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five spatial locations of approximately equal area (Figure 4.3; northwest [NW], northeast
[NE], southwest [SW], southeast [SE], eastern [EE]) since these regions represent unique
combinations of anthropogenic and natural perturbations that could affect the population
dynamics of estuarine species (O’Connell et al. 2004). The northwest region (270.1 km2)
has the highest freshwater input, primarily from the Tangipahoa River as well as several
other tributaries draining into Lake Maurepas (Amite, Comite, Blind, Tickfaw, and
Natalbany rivers), and the least modified hydrology, whereas the northeast region (335.3
km2) has the majority of submersed aquatic vegetation (SAV) in Lake Pontchartrain.

Figure 4.2. Location of the four terminal acoustic gates used to continuously monitor the
emigration of telemetered spotted seatrout from the Lake Pontchartrain estuary.
Individual receivers constituting the double gates at each of the tidal inlets are shown as
black circles (n = 14), whereas the exterior receivers maintained by the USFWS are
shown as blue circles (n = 11). Six receivers (stations 1 – 6) were deployed in Rigolets
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Pass, 4 receivers (stations 7 – 10) were deployed in Chef Menteur Pass, 2 receivers
(stations 11 – 12) were deployed in the IHNC, and 2 receivers (stations 13 – 14) were
deployed in Pass Manchac. Symbols are scaled to a 559 m radius for spatial reference.
Similar to the northwest region, this area receives freshwater inflow from small
bayous (Lacombe, Cane, Castine, Bonfouca) along the north shore, but experiences more
degradation from agricultural and urban runoff. In the southwest region (404.5 km2), the
most prominent environmental influence is the Bonnet Carré Spillway where both small
leakage events at times of high river stage (i.e. primarily during the spring season), as
well as large episodic pulses (e.g. controlled openings in the years of 1937, 1945, 1950,
1973, 1975, 1979, 1983, 1997, 2008, 2011, and 2016) can dramatically alter the
hydrography and nutrient dynamics of the system (Flowers and Isphording 1990; Lopez
2003; Roy et al. 2012). The area most persistently impacted by anthropogenic influences
is the southeast region (422.8 km2); artificial shoreline reinforcement (i.e. concrete
seawalls and riprap barriers), urban runoff from the city of New Orleans, and the IHNC
are the defining features of this area. The eastern region (213.6 km2) receives the largest
degree of tidal influence and saltwater input from Lake Borgne, and is consistently the
region of highest salinity in Lake Pontchartrain. Routine servicing trips were conducted
every 6 to 8 weeks with the assistance of LDWF personnel to perform general
maintenance on telemetry equipment. Maintenance included cleaning, downloading, and
reinitializing individual receiver units, as well addressing other issues, such as damaged
or missing hardware. A total of 34 receivers were lost over the deployment period for a
number of reasons, including human tampering and gear failure, and were typically
replaced within a week to avoid prolonged gaps in detection data. All receivers were
applied with anti-fouling paint (TrinidadSR, non- ablative, 70% cuprous oxide) prior to
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deployment to reduce marine growth, such as barnacles, algae, and hydroids (Heupel et
al. 2008), and self-fusing silicone tape was wrapped around the receiver to avoid marine
fouling and debris within the communication key portal. Because spotted seatrout are a
benthic-oriented species, receivers were generally deployed near the surface and oriented
with the hydrophone pointing downwards (Heupel et al. 2006), except for bottom
associated mount types7. Last, all lithium batteries within receivers were replaced after 12
months as recommended by the manufacturer (Matthew Holland, Vemco Division
AMIRIX Systems Inc., personal communication).

Figure 4.3. Locations of the acoustic receivers continuously deployed within each of the
five ecologically distinct regions of Lake Pontchartrain over the 2-year study period (15
Nov 2012 to 15 Nov 2014). A total of 76 stationary acoustic receivers were distributed
7

Refer to Section 3.2.3 Receiver Mooring and Mounting Equipment for a detailed review
on the assembly of all mooring configurations used throughout this study.

183

throughout the northwest (n = 9 receivers), northeast (n = 18 receivers), southwest (n =
12 receivers), southeast (n = 15 receivers), and eastern (n = 22 receivers) regional
delineations. Abbreviations are as follows: NW = northwest; NE = northeast; SW =
southwest; SE = southeast; EE = eastern.
4.2.3. Fish Capture and Transmitter Implantation
A total of 211 spotted seatrout (292–559 mm TL, 0.23–1.6 kg) were captured by
hook-and-line with the assistance of guide-service professional and volunteer anglers,
and subsequently tagged with uniquely coded acoustic transmitters (V9-2H; V9TP-2H;
V13-1H; V13TP-1H, Vemco Division AMIRIX Systems Inc., Nova Scotia, Canada).
Biannual tagging efforts were concentrated in the spring (April-May) and fall
(November) in each of two years (2012 – 2013 and 2013 – 2014) to ensure that an
adequate sample of telemetered individuals was maintained throughout the acoustic
monitoring period (Table 4.1). Detailed information on surgical protocols and tagging
procedures are described in Section 3.2.4 Fish Capture and Transmitter Implantation.
Briefly, the tags were surgically implanted into the peritoneal cavity following
anesthetization (5 – 15 min. exposure time; 150 mgL-1 solution of clove oil) and sutured
using Ethicon non-absorbable monofilament 3-0 Prolene sutures. Each acoustically
tagged fish was measured (TL to the nearest mm), weighed (to the nearest gram), and
externally marked with a plastic-tipped dart tag (Hallprint PDS Series, 10 cm length)
offering a reward for reporting recaptured spotted seatrout. Extensive communication
with the public was supported throughout the duration of the study with the use of
informational posters distributed at local boat launches, marinas, and bait/tackle shops, as
well as through numerous outreach events and write-ups in popular sportsman’s
magazines to encourage reporting of tagged fish. Recapture information for spotted
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seatrout with acoustic transmitters was obtained directly from recreational anglers.8 After
equilibrium and normal swimming behavior was regained (~10 min. postsurgery), all fish
were released within 10 km of their original capture locations. Transmitter mass (in air)
never exceeded 2% of total fish weight (in air); fish less than 500 g were fitted with V92H (9 x 29 mm, 4.7 g in air, 69-kHz frequency, 110 to 250-s random delay, 282-d
estimated battery life) or V9TP-2H (9 x 44 mm, 6.3 g in air, 69-kHz frequency, 110 to
250-s random delay, 222-d estimated battery life) transmitters, whereas larger individuals
received V13-1H (13 x 36 mm, 11 g in air, 69-kHz frequency, 110 to 250-s random
delay, 539-d estimated battery life) or V13TP-1H (13 x 48 mm, 13 g in air, 69-kHz
frequency, 150 to 300-s random delay, 518-d estimated battery life) transmitters.9 Sex of
the majority of telemetered individuals was determined during the tagging procedure
(197 of 211); 186 were identified as females (294.6 – 558.8 mm TL) and 11 were
identified as males (307.3 – 508.0 mm TL).

8

Six individuals were recaptured by fishery particpants throughout the duration of the
study.
9
Refer to Table 3.1 of Section 3.2.4 Fish Capture and Transmitter Implantation to
review the minimum size criteria used for surgical implantation of acoustic transmitters.
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Table 4.1. Characteristics of telemetered spotted seatrout (Cynoscion nebulosus) by release group. Sex-specific values are reported
for the number of fish released and their corresponding size range. ‘UID’ refers to fish whose sex was unable to be determined. The
number of fish implanted with each transmitter type is also reported by release group. Abbreviations are as follows: V9 = V9-2H
transmitters (9 x 29 mm, 4.7 g in air, 69-kHz frequency, 110 to 250-s random delay, 282-d estimated battery life); V9TP = V9TP-2H
transmitters (9 x 44 mm, 6.3 g in air, 69-kHz frequency, 110 to 250-s random delay, 222-d estimated battery life); V13 = V13-1H
transmitters (13 x 36 mm, 11 g in air, 69-kHz frequency, 110 to 250-s random delay, 539-d estimated battery life); V13TP = V13TP1H transmitters (13 x 48 mm, 13 g in air, 69-kHz frequency, 150 to 300-s random delay, 518-d estimated battery life).
Release Group

Release Dates

Females

Males

UID

Nov 15-18, 2012

36

2

2

n = 40

(330.2 - 546.1 mm)

(339.1 - 442.0 mm)

(342.9 - 368.3 mm)

May 20-24, 2013

32

5

2

n = 39

(335.3 - 431.8 mm)

(307.3 - 337.8 mm)

(337.8 - 363.2 mm)

Nov 4-8, 2013

61

1

9

Fall 2012

Spring 2013

Fall 2013
n = 71

(294.6 - 508.0 mm)

(342.9 mm)

(292.1 - 449.6 mm)

Apr 21-23, 2014

57

3

1

n = 61

(304.8 - 558.8 mm)

(317.5 - 508.0 mm)

(528.3 mm)

Spring 2014

186

V9

V9TP

V13

V13TP

12

4

15

9

23

--

16

--

55

--

10

6

22

--

19

20

4.2.4. Data Management Procedures
Prior to analysis, raw detection data were time-corrected for receiver clock drift
(VUE Software, v2.2.2; www.vemco.com) and suspect detections were identified
following the criteria established in Section 3.2.5 Data Management Procedures.
Specifically, if a tag ID code was detected only once on a receiver within a 24-h period,
and, either (i) there were one or more other tags heard on the same receiver around the
time of the suspect detection, or (ii) the tag ID code did not have supporting detections
from nearby receivers around the time of the suspect detection then the detection was
deemed a false positive. Additionally, duplicate detections were defined when a tag ID
code was recorded on more than one receiver at time intervals shorter than the minimum
tag delay (i.e., 110 s for the V9-2H, V9TP-2H, and V13-1H transmitters; 150 s for the
V13TP-1H transmitter). Based on these criteria, 0.06% (n = 720) and 1.8% (n = 20,999)
of all detections were considered false detections and duplicate detections, respectively,
and were removed from the data set. Only the detections whose tag ID codes matched
those of the 211 spotted seatrout tagged during this study were screened. Further, only
fish that appeared to have survived the tagging procedure were included in data analyses.
Nine stationary transmitters were continuously detected (~5 min. intervals) at the same
receiver location for at least three months, with no detections elsewhere in the array.
Detections from these presumably dead fish were excluded from the data set, beginning
with the first day of consecutive detection, as well as all detections from 71 surgeryrelated mortalities10. All remaining valid detections (n = 306,926) from 140-telemetered

10

Refer to Section B.2 Estimation of Survival from Acoustic Tagging Methods for a
formal analysis investigating the effect of surgical procedures on the survival of spotted
seatrout.
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individuals (122 females, 7 males, and 11 unidentified) were imported into a database
management system for subsequent analysis.

4.2.5. Data Analysis
Acoustic telemetry data were analyzed using MSMR models (Schwarz and
Arnason 1996; Lebreton et al. 2009) to estimate monthly survival (S) and detection (p)
probabilities for telemetered spotted seatrout in each geographic state (NW, NE, SW, SE,
EE) at sampling time i, as well as the probability of remaining in or transitioning out of a
particular state (ψ) at time i+1. Analyses were restricted to individuals released within
the interior portion of the estuary (n = 129)11. To better evaluate model assumptions,
individual movement patterns were used to assess the residency time of adult spotted
seatrout in Lake Pontchartrain. In addition to the amount of time spent within the study
area (i.e., residency), a residency index metric was calculated as the ratio between the
number of days an individual was present in the estuary to the number of days from the
first to the last detection (i.e., time at large, TAL), with a value of 1 indicating it was
detected every day and 0 indicating it was never detected (Dudgeon et al. 2015). To
ensure equal effort was maintained during independent sampling intervals, receivers that
were not present for a complete month were omitted from analysis. Consequently,

11

Eleven individuals released near the Rigolets Pass that presumably survived the
tagging procedure (based on omission criteria established in Section 3.2.5 Data
Management Procedures) were omitted from analyses given that several of these fish
were not detected within the interior portion of Lake Pontchartrain (i.e., detections only
occurred at tidal pass receivers), and therefore may not be representative of the true
population.
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receiver effort ranged from 66 to 73 acoustic monitoring stations (x̅ = 70.6) over all
months within the 2-year study period.
General Framework
CMR methods were originally derived for relocating tagged individuals at
successive time periods, and are commonly used for estimating survival in fish
populations. A key utility of MSMR models is the ability to estimate movement rates of
individuals among different areas and survival rates of individuals within each respective
area. Specifically, three sets of state-dependent parameters form the basic MSMR model,
all of which can be time-specific: ϕsi is the joint probability that an individual survives (S)
the time interval i to i+1 if in stratum s (s = 1,…, k) at time i and remains available for
recapture on occasion i+1, psi is the probability of detection (i.e. virtual recaptures) at
time i for an individual in stratum s at time i, and ψrs
is the probability that an individual
i
alive at time i in stratum r moves to stratum s at time i+1, conditional on survival to
i+112.
To estimate the likelihood of the observed encounter histories given the model
structure the MSMR models specified in the following section were fitted in a maximum
likelihood framework assuming a multinomial distribution. To clarify this approach,
consider an example where marked individuals are recaptured across three possible
strata: A, B, and C. This scenario is illustrated in a simple way in Figure 4.4. Instead of

12

The basic model assumes that all mortality takes place prior to movement (i.e. an
individual can only move to a new stratum if it survives in the current stratum), and that
transition between strata takes place immediately before recapture (i.e. movement does
not occur between sampling periods). Transition probabilities assume first-order
markovian movement (i.e. the probability of making a transition between occasion i and
i+1 is dependent only on the state at time i).
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encounter histories consisting of a series of ones and zeros depending on whether or not
the individual was detected (i.e. 1 = detected, 0 = not detected) as in traditional CMR
models, encounter histories in a multistate context are constructed by including additional
information reflecting the particular state in which the individual was recaptured. Using
the three strata defined above, an example encounter history of BCACC for five sampling
occasions indicates that the individual was initially released in stratum B, recaptured in
stratum C during the second occasion, recaptured in stratum A on the third occasion,
recaptured in stratum C on the fourth occasion, and then again in stratum C on the fifth
occasion. The probability of observing this encounter history given the parameters ϕsi , psi ,
and ψrs
is as follows:
i
[𝜙1𝐵 𝜓1𝐵𝐶 𝑝2𝐶 ][𝜙2𝐶 𝜓2𝐶𝐴 𝑝3𝐴 ][𝜙3𝐴 𝜓2𝐶𝐴 𝑝4𝐶 ][𝜙4𝐶 (1 − 𝜓4𝐶𝐴 − 𝜓4𝐶𝐵 )𝑝5𝐶 ] = 𝜃1 ,
where brackets separate the four intervals between the five sampling occasions.
Encounter histories are conditional on first capture, and therefore capture probability in
the initial sampling period (p1) is not estimable. The parameters p and ϕ for the last
interval (ϕ4 and p5 in this case) are not individually identifiable in a time-specific model,
and must be jointly estimated as a product of the two parameters unless p is held constant
(p2 = p3 = p4 = p5); for k sampling occasions (t1, t2, . . ., tk) information about survival is
not provided for time tk since recapture of marked individuals on occasion k+1 is
unknown.
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Separating survival and movement

n the following (Fig. 10.2), we re-draw the early multi-state ﬁgure (10.1), decomposing
vival (S) and movement (ψ) parameters:

ϕA ψAA

ϕA ψAC
ϕB ψBA ϕA ψAB
ϕC ψCA
ϕB ψBC
ϕC ψCB

ϕB ψBB

ϕC ψCC

Figure 10.2: Re-parameterization of Fig. (10.1), where ϕ i j is partitioned as the product of survival
Figure 4.4. Schematic illustrating the parameterization of a multistate model with 3 strata
movement (ψ).(A, B, and C). Arrows indicate directional movement between states over a given
interval. The probability of surviving in state s is determined by the parameter 𝜙 𝑠 ,
whereas the probability of moving between state r and s is determined by the parameter
𝜓𝑟𝑠 (modified from Cooch and White 2017).

you’vefollowedtheearlier chaptersonstandard mark-recaptureapproaches,youmight b
‘whilethisisaneat trick, theparametersareprobably not separately identiﬁable’. In fa
The corresponding likelihood function (ℒ) and reduced total log-likelihood (𝑙𝑛 ℒ) for the
auseof theconstraint that ψir_ 1. In other words, thetransition (movement) parame
observed
shown below:
ditional on survival
– data
andarehence,
on being present in the study area. The effect of this
hat animals that move out of
the
𝑁 states in the study, i.e., move outside the study
𝑁 all
𝑁
ℒ(𝜃) = 𝜃1 1 𝜃2 2 ⋯ 𝜃𝑗 𝑗 ,
estimates of survival to be biased in the same sense that ‘apparent survival’ is estimat
gration off (or, out of) all the states in the study results in ‘apparent survival’ being ‘tru
estheprobability that theanimal remainson 191
thestudy area.

simple example will make this clearer. Assume that 3 states are sampled: A, B, and C

𝑗

𝑙𝑛 ℒ(𝜃) ∝ ∑ℎ=1 𝑁ℎ [𝑃𝑟(𝜃ℎ )] ,
where the vector 𝜃ℎ represents the probability expression for encounter history h (h1, h2, .
. ., hj) and 𝑁ℎ denotes the observed frequency of individuals with encounter history h (h1,
h2, . . ., hj). Maximum likelihood estimates (MLE) of the unknown parameters (𝜃̂) are
obtained by using optimization routines that numerically maximize the 𝑙𝑛 ℒ(𝜃). Further
descriptions and more examples of fitting MSMR models can be found in Lebreton et al.
(1992), Lebreton and Pradel (2002), White et al. (2006) and the user guide accompanying
Cooch and White (2017).

Model Assumptions
Standard open-population CMR model assumptions are reviewed in detail
elsewhere (Burnham et al. 1987; Pollock et al. 1990; Lebreton et al. 1992; Hightower et
al. 2001; Skalski et al. 2001; Williams et al. 2002), but the most important of these
include the following:
(i)

tagged individuals are representative of the population of interest,
To ensure that tagged spotted seatrout were well mixed with the untagged
population fish were captured and released from multiple locations in the
estuary (refer to Figure 3.5).

(ii)

fates of individuals are independent of all other individuals with respect to
ϕ and p,
It has been shown that aggregations of tagged individuals can result in
inaccurate and imprecise estimates of mortality (Pollock et al. 2004).
Violation of this assumption is therefore unknown since spotted seatrout
commonly exhibit schooling behavior and have been known to
concentrate in high numbers.

(iii)

probabilities of ϕ in each stratum and p at each station are homogenous
among individuals within the groups specified in the model structure,
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All spotted seatrout tagged in this study were fully recruited to the
recreational fishery (> 305 mm), and thus should undergo similar
mortality and selectivity processes. However, potential variations in
acoustic tag strength may reduce precision of ϕ and p estimates
(Melnychuk 2012).
(iv)

tagged individuals are not affected by surgical procedures or implanted
tags, and
Although holding-tank experiments were not conducted in the present
study to explicitly test this assumption (Pollock and Pine 2007),
conclusions from Callihan (2011) were used with the rationale that similar
surgical techniques were employed under comparable conditions. A twomonth long pilot study was conducted from May to July 2009 to quantify
spotted seatrout mortality resulting from insertion of a plastic-tipped dart
tag and acoustic transmitter, as well as to assess the retention of these two
tag types in a controlled holding tank experiment (Callihan 2011). Results
indicate post-surgical survival rates between 91% and 100% for
individuals greater than 300 mm.

(v)

tag loss or failure is negligible.
No tag expulsion was observed for the duration of the eight-week
transmitter retention study conducted by Callihan (2011), and as is
common to several other telemetry studies was assumed to be
inconsequential (Hightower et al. 2001; Heupel and Simpfendorfer 2002;
Bacheler et al. 2009; Friedl et al. 2013). Further, there was no evidence of
premature transmitter failure in this study as all six transmitters returned
from fishermen functioned for at least the minimum guaranteed battery
life.

The spatial forms of CMR models require additional assumptions (Melnychuk 2009),
including:
(i)

individuals do not permanently reside between receiver stations,
Movement rates of spotted seatrout in this study were high enough to
consider this a reasonable assumption. Tagged spotted seatrout exhibited
relatively low site fidelity, being detected on multiple receivers per
sampling period with an average daily displacement of 11.5 km. However,
if fish die outside of the detection range of stationary receivers this
assumption may be violated.

(ii)

tag batteries last longer than the time required to complete a seasonal
migration across all receiver stations in the estuary,
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This is not likely to be a problem for the transmitters utilized in this study
as fish generally leave the study area before the expected date of tag
expiration (minimum guaranteed battery life generally > 7 months).
However, estimates of ϕ and p could be biased if transmissions stop
prematurely (Townsend et al. 2006).
(iii)

detected tags represent the movements of live fish and not of predators
who have preyed upon transmittered fish (i.e., acoustic tags are actually in
the stomachs of predatory species) or of dead fish floating past receiver
stations (Havn et al. 2017), and
Predation of tagged individuals is assumed to be negligible since few
swimming speeds of telemetered spotted seatrout were observed that
exceeded the reported maximum sustained swimming speed of spotted
seatrout (1.0 – 1.6 kmh-1). Swimming speed was calculated according to
the methods of Friedl et al. (2013).

(iv)

all detections are legitimate, and not false positives or duplicates.
All suspect detections were eliminated from the analysis and only filtered
data were used to estimate survival, detection, and movement
probabilities, and travel distances and rates of tagged spotted seatrout.
Refer to Section 3.2.5 Data Management Procedures for a full
description.

Model Development
To estimate the objective parameters of regional, broad-scale movement rates and
spatially-explicit survival rates continuous acoustic detection data were aggregated into
monthly time intervals. This sampling period was selected to generate sufficient sample
sizes, but also to avoid violating the capture duration assumption (i.e. sampling is
assumed to be instantaneous relative to the sampling interval with movement and survival
occurring between sampling events) reviewed in O’Brien et al. (2005). Encounter
histories were generated for each individual13, where detections were denoted with a

13

Consider the following 25-occasion encounter history:
0000ABCDDD000EEED000CA000. The first letter represents that the individual was
released in stratum A on the 5th sampling occasion, with leading zeros indicating that the
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letter code to describe the geographic region (northwest state, “A”; northeast state, “B”;
southwest state, “C”; southeast state, “D”; and eastern state, “E”) of highest detection
frequency during each monthly sampling interval over the 2-year study period (i.e. 25
total encounter occasions). Detection magnitudes were corrected for differences in
stratum-specific receiver effort by the following:
𝐶𝑀𝑠,𝑚 =

∑𝑛
𝑟=1 𝑑𝑠
𝑛𝑠,𝑚

,

where CM is the standardized monthly number of detections recorded in a given stratum
(s), d is the number of detections summed across individual receivers (r = 1, 2, . . ., n)
located in s during a particular month (m), and n is the total number of receivers (r)
operational in stratum s during a particular month, m. The methods used to structure
complex detection history data imply that spotted seatrout are not detected at multiple
regions within the same month. One issue with this approach, however, is that states are
assumed to be mutually exclusive (i.e. transition probabilities sum to 1, ∑𝑘𝑠=1 𝜓𝑖𝑟𝑠 = 1),
and thus marked individuals should only occupy a single state in a given sampling period.
Post-hoc data exploration showed that of the 428 recaptures over the 25-month period,
216 were detected in multiple regions within the same sampling occasion (50.5%).
To separate the estimation of true survival (S) and availability for recapture (i.e.
the individual is present in the sampling area), observational data collected on the
acoustic gate receivers (i.e. 12 stationary receivers located in the tidal channels of Lake
Pontchartrain) were directly incorporated into the modeling approach; methods following

individual was inactive during periods 1 – 4. Either a stratum-specific letter or a 0 is
shown for all subsequent occasions depending on whether or not the individual was
detected.
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Horton and Letcher (2008) were used to account for emigration, assuming a capture
probability of 1.0. Specifically, if an individual is captured on occasion k and then
emigrates between occasion k and k+1, that individual is censored beginning on occasion
k (i.e. these individuals did not contribute to the likelihood estimation after the emigration
event). The digit in the encounter history corresponding to the occasion prior to the
emigration event was substituted with an ‘E’ if it was equal to 0. In addition, all regionspecific letter codes were substituted with a ‘.’ to censor individuals from the population
based on expected transmitter battery life, presumed mortality, or recapture by
recreational fishermen.
Although monthly sampling intervals (i) were defined, the base parameterization
s
for all multistate models estimated seasonal survival (S12
= S1s = S2s ) and movement (ψrs
12

= ψrs
= ψrs
) probabilities to reduce parameter space and facilitate model convergence;
1
2
the Delta method was used to compute the sampling variance for derived seasonal and
annual survival rates14. Seasonal variation in the detection probability (p) of tagged
individuals was accounted for in a subset of candidate models by constraining p to be a
linear function (in logit space) of environmental covariates experienced in each region;
tag type was also included as an additive covariate using the following:
𝑙𝑜𝑔𝑖𝑡(𝑝𝑖𝑠 ) = 𝛼0 + 𝛽1 (𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) + 𝛽2 (𝑆𝑎𝑙𝑖𝑛𝑖𝑡𝑦) + 𝛽3 (𝑇𝑎𝑔 𝑇𝑦𝑝𝑒𝑖 ),
where 𝛼0 is the intercept parameter and 𝛽1-𝛽2 are the slope parameters associated with
water temperature (°C), salinity (‰), and tag type (V9-2H; V13-1H), respectively15.

14

Refer to Section C.2 Application of the Delta Method to review the underlying
background theory of the Delta method used for approximating the standard error of a
transformation, g(x), of a random variable, X = (x1, x2, …).
15
Refer to Chapter 2 for a detailed review of the parameters found to influence the
overall performance of the acoustic array deployed in Lake Pontchartrain. Detection
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Size-specific and sex-specific dependencies on survival (S) and movement (𝜓) were
assessed by considering the possible effects of total length (TL, mm) as an individual
covariate and sex (F, M, UID) as a group covariate. Predicted lengths-at-age were derived
using a seasonal von Bertalanffy growth model (i.e., faster growth occurring in the
warmer summer months and slower growth in the winter) developed for spotted seatrout,
assuming a January 1st hatching date (Quinn and Deriso 1999; Jensen 2009); total lengths
at capture were adjusted for time at large. Following Dudgeon et al. (2015), to eliminate
any confounding in the time variant models resulting from parameter products, the first
and last detection probability values were constrained to 1.0 (p1 = p25 = 1). The full set of
models was initially built using all possible combinations of state- and time-varying
parameters (Table 4.2) and compared using Akaike information criterion corrected for
small sample size (AICc). A fitted model with an AIC difference (ΔAICc) of less than 2
compared with the minimum AIC model has substantial support, whereas models with
ΔAICc values greater than 10 have essentially no support and can be dropped from
further consideration (Burnham and Anderson 2002). A reduced candidate set of models
was chosen based on the relative differences in AICc values for the fitted models by
calculating the weight of evidence (wi) that a given model is the best approximating
model in the set. The likelihood of competing model pairs in the reduced candidate set
was then compared using the evidence ratio (w1/wj), where w1 represents the Akaike
weight of the best-supported model and wj represents the Akaike weight of the model
under consideration. To determine the relative importance of a given parameter in the

efficiency of acoustic transmitters in this system depends largely on water temperature,
but also varied significantly between tag types, where V9 tags were detected from farther
away than V13 tags.
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reduced candidate set of models, the Akaike weights were summed for all models
containing that parameter (∑ wi ) as described in Burnham and Anderson (2002). All
mark-recapture models were implemented with Program MARK (White and Burnham
1999; version 8.2) through the ‘RMark’ package (Laake 2013; version 2.2.4) in R 3.4.3
(R Core Team 2017).
Table 4.2. Detection (p), survival (S), and transition (ψ) parameter submodel formulations
included in the full candidate model set. Abbreviations are as follows: TL = total length
in mm; temp = water temperature; sal = salinity; tag = transmitter type, defined as either
V9-2H or V13-1H; sea = season, defined as Sep-Nov, Dec-Feb, Mar-May, and Jun-Aug;
yr = year, defined as year 1 (2012-2013) and year 2 (2013-2014).
p submodels

p(stratum)
p(sea)
p(sea+yr)
p(sea×yr)
p(stratum+sea)
p(stratum×sea)
p(stratum+sea+yr)
p(stratum+sea×yr)
p(stratum×sea×yr)
p(tag type+temp+sal)

ψ submodels

S submodels

S(sea)
S(sea+yr)
S(sea×yr)
S(TL)
S(TL+sea)
S(TL+sea+yr)
S(TL+sea×yr)
S(TL×sea×yr)
S(sex)
S(sex+sea)
S(sex+sea+yr)
S(sex+sea×yr)
S(sex×sea×yr)
S(TL+sex)
S(TL×sex)
S(TL+sex+sea)
S(TL×sex+sea)
S(TL+sex+sea+yr)
S(TL×sex+sea+yr)
S(TL+sex+sea×yr)
S(TL×sex+sea×yr)
S(stratum)
S(stratum+sea)
S(stratum×sea)
S(stratum+sea+yr)
S(stratum+sea×yr)
S(stratum×sea×yr)
S(TL+stratum)
S(TL+stratum+sea)
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ψ(stratum)
ψ(stratum+sea)
ψ(stratum×sea)
ψ(stratum+sea+yr)
ψ(stratum+sea×yr)
ψ(stratum×sea×yr)
ψ(TL+stratum)
ψ(TL×stratum)
ψ(TL+stratum+sea)
ψ(TL×stratum+sea)
ψ(TL×stratum×sea)
ψ(TL+stratum+sea+yr)
ψ(TL×stratum+sea+yr)
ψ(TL+stratum+sea×yr)
ψ(TL×stratum+sea×yr)
ψ(sex+stratum)
ψ(sex×stratum)
ψ(sex+stratum+sea)
ψ(sex×stratum+sea)
ψ(sex×stratum×sea)
ψ(sex+stratum+sea+yr)
ψ(sex×stratum+sea+yr)
ψ(sex+stratum+sea×yr)
ψ(sex×stratum+sea×yr)
ψ(stratum+TL×sea)
ψ(stratum+TL×sea+yr)
ψ(stratum+TL×sea×yr)
ψ(stratum+sex×sea)
ψ(stratum+sex×sea+yr)

S(TL+stratum+sea+yr)
S(TL+stratum+sea×yr)
S(TL×stratum+sea×yr)

ψ(stratum+sex×sea×yr)

4.3. RESULTS

Acoustic monitoring
A total of 129 adult spotted seatrout implanted with ultrasonic tags were included
in this analysis16, from which 283,220 valid detections (2195 ± 3275.2 detections per
fish) were recorded on the acoustic array deployed in Lake Pontchartrain (n = 90
receivers). Residency of tagged spotted seatrout varied from 0 to 147 consecutive days,
with an average residency of 28 consecutive days17. Although these short residency
periods resulted in low daily recaptures18, the residency index revealed that the ability to
detect individuals during their residency period was moderately high. Residency indices
ranged from 0.03 to 1, averaging 0.63 (i.e., fish were detected 63% of the total number of
days they occupied Lake Pontchartrain).

Mark-recapture summary

16

Eleven individuals released near the Rigolets Pass that presumably survived the
tagging procedure (based on omission criteria established in Section 3.2.5 Data
Management Procedures) were omitted from analyses given that several of these fish
were not detected within the interior portion of Lake Pontchartrain (i.e., detections only
occurred at tidal pass receivers), and therefore may not be representative of the true
population.
17
Refer to Section C.3 Encounter Histories of Telemetered Spotted Seatrout to review the
daily occurrence of the 129 acoustically tracked spotted seatrout in Lake Pontchartrain
from 15 November 2012 to 15 November 2014.
18
On average, fish were detected only 5% of the days throughout the duration of the
study (n = 731 total days).
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Of the 129 fish considered in this analysis, 76% were recaptured (n = 98) over the
2-year study period (15 November 2012 to 15 November 2014) resulting in a total of 306
recapture events, whereas 31 fish were never recaptured after initial release (Table 4.3).
The majority of marked individuals (64%) were recaptured within 3 months of release,
although one individual was detected up to 17 months after release (Figure 4.5).

Table 4.3. Encounter history dates and intervals showing numbers of marked and
recaptured individuals for the acoustic data.
Year

Month

2012

November
December
January
February
March
April
May
June
July
August
September
October
November
December
January
February
March
April
May
June
July
August
September
October
November

2013

2014

Acoustic Tagging

# Marked

# Recaptured

A
.
.
.
.
.
A
.
.
.
.
.
A
.
.
.
.
A
.
.
.
.
.
.
.

37
0
0
0
0
0
17
0
0
0
0
0
36
0
0
0
0
39
0
0
0
0
0
0
0

33
32
29
27
25
13
11
4
2
0
1
4
20
14
11
8
6
37
12
5
3
4
3
2

Overall, movement among the five regional designations of Lake Pontchartrain
was highly stratified; state transitions to the eastern region (stratum “E”) occurred most
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frequently, whereas substantially less movement to the northwestern (stratum “A”) and
southwestern (stratum “C”) regions was observed (Table 4.4). Correspondingly, the
recapture frequency varied substantially across both seasons and strata, with the majority
of recaptures occurring in the eastern region (stratum “E”) during May (11%) and very
few recaptures (1 – 3%) between July and November across all strata (Figure 4.6).

Figure 4.5. Time after initial release shown in months for 98 recaptured spotted seatrout
(Cynoscion nebulosus). Blue bars illustrate recapture frequencies for each time bin
(months 1 – 17), and black line and dots depict cumulative percent frequencies of
independent recapture events (n = 306). Note that the recapture frequency in each month
is labeled above respective bars.
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Table 4.4. Transition frequency of spotted seatrout (Cynoscion nebulosus) movement
between regions of Lake Pontchartrain. Rows denote the “from” stratum, whereas
columns denote the “to” stratum. An “×” indicates a transition that did not occur during
the 2-year period. Strata are defined as: NW (northwest), NE (northeast), SW
(southwest), SE (southeast), and EE (eastern).

NW

NW
10

NE
7

SW
6

SE
1

EE
1

NE

8

56

3

6

17

SW

3

2

19

1

4

SE

4

11

2

32

12

EE

×

7

2

8

83

Total

25

83

32

48

117
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Figure 4.6. Recapture frequency of telemetered spotted seatrout (Cynoscion nebulosus)
shown for each stratum-month combination. Frequencies are calculated as the number of
recapture events in a given month pooled across all years. Strata are defined as: NW
(northwest), NE (northeast), SW (southwest), SE (southeast), and EE (eastern).
Multistate mark-recapture models
Based on the candidate set (n = 336) used to evaluate size-specific and sexspecific dependencies in survival and transition rates, the strongest AICc support was
found for three models (Table 4.5); difference in AICc values for all other models ranged
between 2.26 and 21.22, and thus were not well supported by the data. Although these
three top-ranked models (ΔAICc < 2) accounted for 31.96% of the total model weight, the
relative strength of evidence for the best estimated model (i.e., lowest AICc) in the
reduced model set (n = 3) ranged from 1.0 to 1.6, suggesting comparable support between
the top-ranked models, and consequently, a high degree of model selection uncertainty
(i.e., the best AICc model was not strongly weighted).
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Table 4.5. Top-ranked (ΔAICc < 2) multistate mark-recapture model selection results for
recaptures-only detection (p), survival (S), and transition (ψ) probability of spotted
seatrout (Cynoscion nebulosus) in years 2012-2014. Note that k is the parameter count,
-2∙ln(L) is twice the negative log-likelihood, AICc is the Akaike information criterion
adjusted for small sample size, ΔAICc is the difference between the model-specific AICc
score and the AICc score of the best fit model (i.e., lowest AICc), wi is the Akaike weight,
and w1/wj is the evidence ratio between the best fit model (w1) and the rest of the models
in the set (wj). Abbreviations are as follows: TL = total length in mm; sea = season,
defined as Sep-Nov, Dec-Feb, Mar-May, and Jun-Aug; yr = year, defined as year 1
(2012-2013) and year 2 (2013-2014).
Model

kτ

-2∙ln(L)

AICc

ΔAICc

wi

w1/wj

S(TL+sea+yr)p(stratum+sea)ψ(stratum×TL)

35

1086.008

1162.356

0.000

0.387

1

S(TL+sex+sea+yr)p(stratum+sea)ψ(stratum×TL)

37

1081.333

1162.452

0.096

0.369

1.042

S(TL+sea+yr)p(stratum+sea×yr)ψ(stratum×TL)

39

1077.335

1163.274

0.918

0.244

1.583

τ

The parameter count (k) is adjusted to include the number of potentially estimated
parameters including those at boundaries 0 or 1. Detection probabilities in the final
occasion were fixed at a value of 1.0 so are not included in the parameter count.
Rather than adopting the usual approach to identify a single “best-supported” model,
model-averaged parameter estimates and standard errors were derived to allow inferences
from all competing models in the reduced candidate set (Burnham and Anderson 2002;
Johnson and Omland 2004; Symonds and Moussalli 2011). All models within the
reduced model set (Table 4.5) suggested that stratum and season strongly affected
detection probability (p); these two covariates were found in all candidate models (i.e.,
the cumulative Akaike weight across all models is equal to 1, Σwi = 1.0). The year
predictor was also incorporated into one of the top-ranked models as a first-order
interaction between season and year, and had a cumulative weight of 0.46; however,
seasonal detection patterns were only weakly influenced by year given that the annual
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differences in detection probability were very small19. Model-averaged detection
probabilities of spotted seatrout were estimated to be relatively high, averaging 0.90
overall. Although year-specific estimates were generally similar, detection probability
varied considerably between stratum and season (Figure 4.7).

Figure 4.7. Year-specific detection probabilities (±95% confidence interval, CI) for each
season-stratum combination from 2012 – 2013 (y1) and 2013 – 2014 (y2). Modelaveraged estimates are shown assuming top-ranked AIC models: (a) S(TL+sea+yr),
p(stratum+sea), ψ(stratum×TL), (b) S(TL+sex+sea+yr), p(stratum+sea), ψ(stratum×TL), (c)
S(TL+sea+yr), p(stratum+sea×yr), ψ(stratum×TL). Vertical error bars represent ±1 standard
error (SE). Strata are defined as: NW (northwest), NE (northeast), SW (southwest), SE
(southeast), and EE (eastern); seasons are defined as: Fall (Sep. – Nov.), Winter (Dec. –
Feb.), Spring (Mar. – May), and Summer (Jun. – Aug.).

These parameters suggested that detection was highest in the spring and winter seasons

19

The year effect on detection probability revealed slightly higher detection rates in the
spring, summer, and fall seasons of the second year, whereas detection was marginally
lower in the winter season of the first year.
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across all strata, ranging between 0.87 and 1.0, and lowest in the fall and summer seasons
for all regions except the northeast and easternmost strata, ranging between 0.17 and
0.53. Moreover, excluding the southeast stratum, detection probability in the eastern
regions remained high throughout the year (pavg = 0.95), and was generally higher than
the western-central areas of Lake Pontchartrain (pavg = 0.64). Although there was no
evidence for regional-dependence on survival (Σwi = 0.01), survival estimates showed a
strong seasonality that was fitted by varying S with season and year; these two parameters
occurred in all of the top-three reduced models (Table 4.5), and accounted for a
cumulative weight of 1.0 and 0.83, respectively; the overall additive effect of season and
year revealed that survival probabilities were generally highest in the winter months (0.34
– 0.92), intermediate in the spring (0.20 – 0.87) and fall (0.09 – 0.80) months, and lowest
in the summer months (0.05 – 0.74). Although this seasonal trend was consistent between
years, the year effect on survival probability revealed slightly higher survival across all
seasons in the first year as compared to the second year. In addition, there was substantial
evidence that total length affected survivorship; the total length (TL) predictor had a
cumulative weight of 0.873, and it was found in all candidate models with ΔAICc values
less than 3. An examination of the estimated linear beta parameters for S (βTL: 0.0053,
95% CI: 0.0009 – 0.0096) suggested a positive relationship with size (Figure 4.8), for
which there was a 5% increase in survival with every 10 mm increase in length. The
reduction in survival with decreasing length was greatest in the summer season and
smallest in the winter season across both years (Figure 4.9); the rate of change in survival
ranged from 0.0009 – 0.0012 and 0.0004 – 0.0006, respectively. The sex predictor (Σwi =
0.43) was also incorporated into one of the top-ranked models (Table 4.5); however, the
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addition of this parameter did little to improve the maximum value of the log-likelihood,
and thus was not strongly supported (Burnham and Anderson 2002). The relative effect
size shows the weak overall influence of sex on survival (βM: 0.5792 relative to the
female (F) reference group, 95% CI: -0.6072 – 1.7656), with slightly higher survival
associated with males as compared to females (Figure 4.8; Figure 4.9).

Figure 4.8. Sex-specific survivorship curves (±95% confidence interval, CI) as a function
of total length (TL in mm) for each season from 2012 – 2013 (y1) and 2013 – 2014 (y2).
Model-averaged estimates are shown assuming top-ranked AIC models: (a) S(TL+sea+yr),
p(stratum+sea), ψ(stratum×TL), (b) S(TL+sex+sea+yr), p(stratum+sea), ψ(stratum×TL), (c)
S(TL+sea+yr), p(stratum+sea×yr), ψ(stratum×TL). Data points are shown at 10-mm length
intervals, where males (M) are depicted as blue dots and females (F) are depicted as pink
dots. Dashed lines represent ±1 standard error (SE). Seasons are defined as: Fall (Sep. –
Nov.), Winter (Dec. – Feb.), Spring (Mar. – May), and Summer (Jun. – Aug.).
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Figure 4.9. Size-dependent estimates (±95% confidence interval, CI) of survival for male
(M, blue) and female (F, pink) spotted seatrout (Cynoscion nebulosus) in Lake
Pontchartrain, Louisiana from 2012 – 2013 (y1) and 2013 – 2014 (y2). Model-averaged
estimates are shown assuming top-ranked AIC models: (a) S(TL+sea+yr), p(stratum+sea),
ψ(stratum×TL), (b) S(TL+sex+sea+yr), p(stratum+sea), ψ(stratum×TL), (c) S(TL+sea+yr),
p(stratum+sea×yr), ψ(stratum×TL). Vertical error bars represent ±1 standard error (SE), and
dotted lines represent the linear trend (i.e. slope, m) between three different size-classes
(small, 396 mm TL; medium, 444 mm TL; large, 500 mm TL). Seasons are defined as:
Fall (Sep. – Nov.), Winter (Dec. – Feb.), Spring (Mar. – May), and Summer (Jun. –
Aug.).

Accordingly, differences of annual survivorship between male and female spotted
seatrout were marginal, but the evidence for size-dependent survival was substantiated
(Table 4.6); average annual survival estimates were 0.02 and 0.04 for small-sized (396
mm TL) females and males, respectively, 0.05 and 0.08 for medium-sized (444 mm TL)
females and males, respectively, and 0.10 and 0.14 for large-sized (500 mm TL) females
and males, respectively. Average annual mortality (A = 1 - S) for each sex was
subsequently converted to total instantaneous mortality (Z) to provide a comparison with
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the mortality rates estimated in the most recent stock assessment conducted by the
Louisiana Department of Wildlife and Fisheries (West et al. 2014)20.
Table 4.6. Annual survival estimates (Ŝ ) derived from seasonal survival probabilites for
male (M) and female (F) spotted seatrout (Cynoscion nebulosus) in Lake Pontchartrain,
Louisiana from 2012 – 2013 (y1) and 2013 – 2014 (y2). Size classes are defined as small
(396 mm TL), medium (444 mm TL), and large (500 mm TL). Shaded rows represent the
average annualized survival rate over both years of the study period (y̅). Abbreviations
are as follows: SE = standard error; 95% CL = 95% confidence limits.

y1

Ŝ (SE)
0.049 (0.03)

0.015 – 0.144

y2

0.012 (0.01)

0.002 – 0.067

y̅

0.024 (0.01)

0.008 – 0.071

y1

0.079 (0.06)

0.015 – 0.324

y2

0.023 (0.03)

0.002 – 0.242

y̅

0.043 (0.04)

0.007 – 0.231

y1

0.089 (0.04)

0.033 – 0.215

y2

0.027 (0.02)

0.005 – 0.124

y̅

0.049 (0.02)

0.018 – 0.128

y1

0.132 (0.09)

0.032 – 0.412

y2

0.047 (0.05)

0.005 – 0.335

y̅

0.079 (0.06)

0.015 – 0.322

y1

0.157 (0.07)

0.058 – 0.360

y2

0.061 (0.05)

0.012 – 0.257

y̅

0.098 (0.05)

0.031 – 0.266

M

y1

0.212 (0.13)

0.056 – 0.551

M

y2

0.093 (0.10)

0.011 – 0.484

y̅

0.141 (0.11)

0.029 – 0.477

Size class

Sex

Year

396 mm

F

396 mm

444 mm

444 mm

500 mm

500 mm

M

F

M

F

20

95% CL

Refer to Section C.4 Telemetry Estimates of Instantaneous Mortality Rates for an
overview of the computations used to convert finite rates (annual survival, S; annual
morality, A) into instantaneous mortality (total mortality, Z; fishing mortality, F; natural
mortality, M), and to review a table comparing these derived estimates to those found in
the 2014 Louisiana statewide stock assessment for spotted seatrout (West et al. 2014).
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There was substantial support for the hypotheses that stratum and total length (TL)
influenced movement rates (ψ) of spotted seatrout in Lake Pontchartrain; these two
covariates were found in all candidate models for which ΔAICc was less than 7, and
accounted for a cumulative weight of 1.0 and 0.96, respectively. Transition between the
five geographical regions of Lake Pontchartrain was considered to be independent of sex
(Σwi = 0.03), season (Σwi = 0.36)21, and year (Σwi = 0.24), since no models within the
reduced model set included these predictors. Region-specific transition probabilities
revealed that estimates of fidelity to a particular stratum were higher than movement rates
between strata (Table 4.7). More specifically, the probability of remaining in the eastern
region over each interval was larger than for all other regions of the estuary
(ψEE,EE = 0.79), whereas fidelity to the northwestern region of Lake Pontchartrain was
lowest (ψNW,NW = 0.41). Among the estimated state transitions, the probability of
returning to the easternmost region was generally highest overall (ψSE,EE = 0.18; ψNE,EE =
0.19; ψSW,EE = 0.11); the movement rate estimated between the northwestern and
easternmost region was considerably low (ψNW,EE = 0.03) because only a single transition
occurred between these two states over the entire two-year study period (refer to Table
4.4). In addition, exchange rates between the three eastern regions of the estuary (ψEE,NE =
0.06; ψEE,SE = 0.13; ψSE,NE = 0.16; ψNE,SE =0.09) were moderately high, suggesting that
eastward movement was more prevalent among the spotted seatrout population as
compared to westward movement (ψSE,SW = 0.03; ψNE,NW = 0.10).

Because models without a seasonal dependence in ψ had smaller AICc values than
models with a seasonal dependence in ψ, there was no evidence for time-dependence in
movement probabilities (i.e. movement rates between strata did not differ over time).
21
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Table 4.7. Estimates (±95% confidence interval, CI) of transition probabilities (ψ
̂) for
spotted seatrout (Cynoscion nebulosus) movement between regions of Lake
Pontchartrain. Model-averaged estimates are shown for the average adjusted length (450
mm TL) assuming top-ranked AIC models: (a) S(TL+sea+yr), p(stratum+sea),
ψ(stratum×TL), (b) S(TL+sex+sea+yr), p(stratum+sea), ψ(stratum×TL), (c) S(TL+sea+yr),
p(stratum+sea×yr), ψ(stratum×TL). Strata are defined as: NW (northwest), NE (northeast),
SW (southwest), SE (southeast), and EE (eastern).

NW

NW
0.41
(0.23, 0.61)

NE
0.29
(0.14, 0.50)

SW
0.23
(0.10, 0.44)

SE
0.04
(0.01, 0.26)

EE
0.03
(0.00, 0.22)

NE

0.10
(0.05, 0.20)

0.60
(0.48, 0.70)

0.03
(0.01, 0.10)

0.09
(0.04, 0.19)

0.19
(0.12, 0.29)

SW

0.10
(0.03, 0.28)

0.05
(0.01, 0.20)

0.71
(0.53, 0.84)

0.03
(0.00, 0.22)

0.11
(0.04, 0.26)

SE

0.05
(0.02, 0.15)

0.16
(0.09, 0.28)

0.03
(0.01, 0.11)

0.58
(0.45, 0.70)

0.18
(0.10, 0.30)

EE

0.00
(0.00, 0.00)

0.06
(0.03, 0.12)

0.02
(0.01, 0.09)

0.13
(0.07, 0.22)

0.79
(0.69, 0.86)

Rows denote the “from” stratum, whereas columns denote the “to” stratum. Shaded cells
indicate fidelity rates (i.e., probability of remaining in a given stratum).

The size-dependent relationship with movement between strata received greater support
when it was modeled as an interaction (ψstratum×TL, Σwi = 0.74) as opposed to an additive
variable (ψstratum+TL, Σwi = 0.11). An examination of the estimated linear beta parameters for
ψ suggested negative relationships between size and movement for 16 of the 18 possible
state transitions and positive relationships between size and fidelity to all of the 5
possible states (Figure 4.10). These correlations suggest that the probability of moving
westward was generally higher for small-intermediate sized (396 – 444 mm TL)
individuals, whereas the probability of remaining in the eastern region was substantially
higher for large sized individuals (500 mm TL).
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Figure 4.10. Size-dependent estimates (±95% confidence interval, CI) of transition
probabilities (ψ
̂) for spotted seatrout (Cynoscion nebulosus) in Lake Pontchartrain.
Model-averaged estimates are shown assuming top-ranked AIC models: (a) S(TL+sea+yr),
p(stratum+sea), ψ(stratum×TL), (b) S(TL+sex+sea+yr), p(stratum+sea), ψ(stratum×TL), (c)
S(TL+sea+yr), p(stratum+sea×yr), ψ(stratum×TL). Vertical error bars represent ±1 standard
error (SE), and dotted lines represent the linear trend (i.e. slope, m) between three
different size-classes (small, 396 mm TL; medium, 444 mm TL; large, 500 mm TL).
Strata are defined as: NW (northwest), NE (northeast), SW (southwest), SE (southeast),
and EE (eastern). Rows denote the “from” stratum, whereas columns denote the “to”
stratum.

4.4. DISCUSSION
Acoustic telemetry data provide unique opportunities for improving our
understanding of the spatial and temporal components of fish population dynamics that
are necessary for the progression of effective management strategies. Although relatively
few studies have used acoustic tagging data to improve stock assessment models (Kurota
et al. 2009; Taylor et al. 2011), mark-recapture analyses complement traditional stock
assessments by providing reliable information on key life history traits affecting
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population abundance (Bacheler 2008; Ellis 2014). Spotted seatrout are among the most
targeted and economically important recreational finfish species in the Gulf of Mexico,
and have provided a long-standing fishery for Louisiana. Accordingly, reliable
management practices are essential in the state to ensure the future sustainability of this
valuable fishery resource. By utilizing data from the first comprehensive acoustic
telemetry study of spotted seatrout in Lake Pontchartrain, this study was able to
successfully estimate basin-scale movement probability and survival across multiple
years. The annual survival of 7.2% that was observed in this study was lower than values
reported by many previous studies on spotted seatrout (13 – 55%), suggesting that
mortality rates in the Lake Pontchartrain estuary may be higher than other areas of the
Gulf of Mexico region (Table 4.8)22. Furthermore, although mark-recapture estimates of
S for spotted seatrout in Lake Pontchartrain revealed high rates of mortality in the
summer season, significant increases in survival were found during the winter months.
Although the seasonal variability in mortality observed is likely related to spawninginduced stress (e.g., decreased fitness due to the high energetic cost of oogenesis during
periods of low salinity and warm temperatures), as well as increased predation risk from
larger predators (e.g., bottlenose dolphin, Tursiops truncatus, and bull shark,
Carcharhinus leucas), changes in fishing pressure throughout the year may partially
explain this effect. Even though survival rates were similar for male and female adult
spotted seatrout in Lake Pontchartrain, evidence for divergent survival rates with size was
found. This is not unexpected since length-based differences in migratory

22

High variability in sampling methodologies and estimation techniques indicates that
these independently quantified rates are not directly comparable.
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Table 4.8. Literature derived estimates of total instantaneous mortality (Z), annual mortality (A), and survival (S) rates for spotted
seatrout (Cynoscion nebulosus). Sampling method: HL = hook and line angling; EXP = experimental fishing gear, i.e. gill nets,
seines, trawls, etc. (Source: North Carolina Department of Natural Resources and Community Development, Division of Marine
Fisheries. 1984. A biological and fisheries profile of spotted seatrout, Cynoscion nebulosus. Scientific Report No. 40. 87 p.).
State
Years
Sampling
Sample
Instantaneous
Annual
Survivalτ Source
Method
Size
mortalityτ
mortality
TX
FL

LA
AL

1976 - 1981
1961
1978 - 1980
1986 - 1988
1994 - 1996
1982 - 1983
1986 - 1988
1994 - 1995
1964 - 1977

HL
HL, EXP
HL
HL, EXP
HL, EXP
HL, EXP
EXP
HL, EXP
HL

2040
5409
570
11056
3742
614
1110
2057
6988

1.11 - 1.61
4.61
1.47 - 1.71
0.65 - 1.43
0.49 - 2.05
1.02 - 1.83
2.04
0.60 - 1.40
0.45 - 0.87

0.67 - 0.80
0.99
0.77 - 0.82
0.48 - 0.76
0.39 - 0.87
0.64 - 0.84
0.87
0.45 - 0.75
0.36 - 0.58

0.20 - 0.33
0.01
0.18 - 0.23
0.24 - 0.52
0.13 - 0.61
0.16 - 0.36
0.13
0.25 - 0.55
0.42 - 0.64

Baker et al. 1986
Iversen and Moffett 1962
Rutherford 1982
Murphy and Taylor 1994
DeVries et al. 2003
Wakeman and Ramsey 1985
Wieting 1989
Nieland et al. 2002
Tatum 1980

Note: This table was compiled from publicly available data sources and is not meant to represent an exhaustive list of spotted seatrout mortality rates.
τ
denotes that values were calculated based on reported annual mortality rates.
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behavior were observed23, and therefore can lead to size-selective mortality rates (Sogard
1997). It is important, however, to recognize that mark-recapture analyses were based on
a small sample size of males (n = 7) as compared to females (n = 114). Accordingly, any
conclusions about sex-specific survival and movement should be drawn cautiously as
severely unbalanced samples typically result in a loss of statistical power.
Overall, the results provided herein indicate that spotted seatrout migratory behavior is
variable and complex. Movement of tagged spotted seatrout suggests that the majority of
fish remaining in the estuary are primarily located within the northeastern and
easternmost regions of Lake Pontchartrain, although a substantial number of fish (35.6%
of the tagged population) emigrated from the estuary. This transient migratory behavior
of emigrants was primarily observed in mid-spring and late-fall, coinciding with
documented overwintering and spawning periods for spotted seatrout in Louisiana
(Helser et al. 1993; Nieland et al. 2002). The results of this multiyear mark-recapture
study provide new information of critical population parameters for spotted seatrout in
Louisiana.

Mortality of spotted seatrout
The recent stock assessment completed by LDWF concluded that the spotted
seatrout population was not overfished from 1981 – 2013 and that overfishing was not
occurring; however, the stock has undergone overfishing in the recent past, specifically in
years 1983, 1989, 1994, 2001, 2009, and 2012 (West et al. 2014). Two indirect
approaches were used in the age-structured model employed by the LDWF assessment to

23

Refer to Chapter 3 of this dissertation to review length-specific distribution patterns of
adult spotted seatrout.
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determine natural mortality (M) for spotted seatrout: (1) a constant rate of 0.3 across all
age classes based on the Hoenig (1983) longevity-based approximation, and (2) agespecific weight-based estimates approximated from Lorenzen (1996)24. Although M was
not directly estimated in this study, it is important to understand the assumptions made in
stock assessment models since underestimates of M will positively bias subsequent
estimates of fishing mortality (F), lending the validity of model outputs null and
potentially resulting in misguided management recommendations (Clark 1999; Williams
2002; Maunder and Wong 2011). The mark-recapture estimates of annual Z were
significantly higher than those reported in the recent assessment, with total annual loss
for each age-class (80.9% – 99.9%) being 1.5 – 3.3 times higher than estimated in the
stock assessment (24.4% – 80.6%). Although reasons for inconsistencies with the recent
statewide assessment are uncertain, increased fishing effort in Lake Pontchartrain could
be one possible explanation. According to 2017 LaCreel data (Joe West, Louisiana
Department of Wildlife and Fisheries, personal communication), landings of spotted
seatrout in the Lake Pontchartrain basin (CSA1) accounted for 33% of the total Louisiana
recreational catch, whereas 32% of the landings were harvested from Barataria Bay
(CSA3). In addition, natural mortality rates for spotted seatrout may be higher in Lake
Pontchartrain when compared to rates for other basins in coastal Louisiana due to the
sub-optimal water quality conditions experienced in this estuary. More specifically,
salinity preferences for spotted seatrout typically occur between 15 ‰ and 35 ‰ (Tabb
1958; Wohlschlag and Wakeman 1978; Banks et al. 1991; Wuenschel et al. 2004).

24

Natural mortality estimates (M) calculated by the Lorenzen (1996) formulation ranged
from 0.55 for age-1 fish (i.e., the age at which full selectivity occurs in the recreational
fishery) to 0.25 for age-6+ fish (West et al. 2014).
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Considering the narrow salinity range observed in Lake Pontchartrain (0.88 ‰ – 11.02
‰) during the 2014 sampling period (Bramer 2015), spotted seatrout are undoubtedly at
the extreme of physiological tolerances reported for the species. Furthermore, the
potential for temperature and salinity to act as cumulative stressors is supported by the
seasonal effect on survival probabilities; significantly lower survival rates were estimated
for the summer period, where temperatures were frequently recorded above 35 °C and
salinities above 3 ‰ were rarely observed (Bramer 2015). Alternatively, the probabilities
of survival may be confounded by transmitter failure or loss, in addition to tagginginduced mortality. Recall that mark-recapture studies require a number of assumptions,
including that all fish retained tags throughout the duration of the study (i.e., zero tag loss
and negligible transmitter failure), and that survival of the tagged population was
representative of the untagged population (i.e., fish were not affected by tagging
procedures). Although previous work on spotted seatrout greater than 300 mm observed
post-surgical survival rates between 91% and 100%, in addition to 100% tag retention
rates (Callihan 2011), these results were not verified in the present study. If these rates
were in fact higher than originally anticipated, violation of key model assumptions would
lead to negative bias in survival rate estimates (i.e., annual mortality would be inflated),
further increasing uncertainty around all parameters. Although this study demonstrates
estimates of total instantaneous mortality (Z) among the highest ever reported for spotted
seatrout, high annual population loss has been extensively documented for the species
throughout its range (Iversen and Moffett 1962; Wakeman and Ramsey 1985; Baker et al.
1986; Rutherford et al. 1989; Green et al. 1990; Wenner et al. 1990; Woodward et al.
1990; Murphy and Taylor 1994; Woodward and Mericle 1995; Nieland et al. 2002;
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Jensen 2009; West et al. 2011, 2014); the life history traits that compensate for such high
annual loss rates yet still allow spotted seatrout populations to remain stable are
presumably attributed to rapid growth rates, early maturation, and prolific reproductive
strategies (i.e., a protracted spawning season and high batch fecundity). Regardless of the
high productivity levels that are characteristic of spotted seatrout, it is important to
remain precautionary in our approach to management of this important recreational
species, and recognize that more conservative regulatory actions may be warranted to
ensure the future sustainability of this stock.

Small-scale movement patterns
Individual movements of adult spotted seatrout provided by high-resolution,
continuous information can provide key insight necessary to accurately define the stock
structure of populations in Louisiana that are essential for developing effective
management plans. Given the limited data on inter-basin connectivity of spotted seatrout
populations along the Louisiana coast, it is often assumed that spotted seatrout are
primarily resident to their natal estuaries, as populations in the northern Gulf of Mexico
region and along the Atlantic coast of Florida have demonstrated (Iversen and Tabb
1962; Baker et al. 1986; Hendon et al. 2002; Tremain et al. 2004), where restricted gene
flow suggests genetic divergence in stock structure (Weinstein and Yerger 1976; Gold
and Richardson 1998; Gold et al. 1999; Piller, Southeastern Louisiana University,
unpublished data). Several conventional tag-return studies support these suspicions by
illustrating that large-scale movement (> 100 km) of spotted seatrout is rare, with only
1.7% of all tag recoveries (34 out of 1950 fish) occurring more than 50 km away from the
site of release (Moffett 1961; Iversen and Tabb 1962; Beaumariage 1969; Rogillio 1975;
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Adkins et al. 1979; Rogillio 1980; Rogillio 1982; Overstreet 1983; Arnoldi 1984; Baker
et al. 1986; Baker and Matlock 1993; Bourgeois et al. 1995; Hendon et al. 2002; Callihan
2011). Nevertheless, the Louisiana Department of Wildlife and Fisheries (LDWF)
currently manages spotted seatrout as one unit stock under a statewide management
strategy (West et al. 2011, 2014), which is the basis of regulatory decisions made by the
Louisiana Wildlife and Fisheries Commission (LWFC); the current harvest control rules
set by the LWFC for the recreational sector include both a minimum length limit of 12
inches and a daily bag limit of 25 fish since 1988. As has been reported by several
research studies across the species’ geographic distribution, movements of spotted
seatrout in Lake Pontchartrain were largely restricted to the estuarine system, further
implying that discrete sub-populations may exist across the jurisdictional waters of
Louisiana. Although residency to the estuary was shown by most of the spotted seatrout
tagged in this study, a sizeable portion of the sample population appeared to be seasonal
migrants to the nearshore Gulf of Mexico region, as evidenced by 35.6% of fish that
traveled through the tidal inlets along the eastern basin of Lake Pontchartrain (i.e., the
Rigolets Pass and Chef Menteur Pass). Although this study did confirm that most of these
emigrations were permanent (87.5%), I am unable to determine whether exchange with
adjacent coastal areas was occurring since the ultimate fate of telemetered spotted
seatrout outside of monitored areas was unknown. The overall movement patterns of
tagged fish that were estimated in this multiyear mark-recapture study suggest that
movement rates between the northeastern and easternmost regions of Lake Pontchartrain
were highest, corroborating the general findings in seasonal distribution patterns
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observed in an earlier chapter of this dissertation25. Given the physiological tolerance
ranges reported earlier, affinity for higher saline waters characteristic of the lower estuary
is expected. However, considering that spotted seatrout distribution is associated with
time of year, the lack of seasonal variation in movement rates remains unclear. One
potential explanation is that the multimodal seasonal effect used to model the temporal
trend in movement was uninformative since extensive migrations of tagged spotted
seatrout occurred on a bimodal timeframe (i.e., primarily during the winter and spring
months). Results from this study further demonstrate that movement rates of tagged
spotted seatrout were dependent on the total length of fish, where larger spotted seatrout
exhibited higher fidelity to any particular region, and smaller-sized individuals appeared
to be more transient between the five geographic areas assigned to Lake Pontchartrain.
Although the mechanism behind these differential movement behaviors is beyond the
scope of this study, competitive exclusion of smaller fish from more optimal habitats has
been hypothesized for other species’ (Szedlmayer and Schroepfer 2005). Even though
these findings provide new information on the migratory patterns of adult spotted seatrout
in the Lake Pontchartrain estuary, further research is needed to fully describe the
movement ecology of this species across the jurisdictional boundaries of Louisiana
coastal waters.

Implications for management
Recreational fisheries managers are entrusted to maintain a stock’s long-term
sustainability while also encouraging the participation of anglers (Hampton and Lackey

25

Refer to Chapter 3 of this dissertation to review seasonal distribution patterns of adult
spotted seatrout.
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1976; Beardmore et al. 2014). These conflicting management goals must be balanced
between sustaining a stable spawning stock biomass, maximizing yield, and promoting
the presence of trophy-sized fish (Luecke et al. 1994). Recent statewide stock
assessments reveal that annual fishing mortality for spotted seatrout in Louisiana is close
to FMSY, but that spawning stock biomass (SSB) is not below SSBMSY (West et al. 2011,
2014). This suggests that while the population is currently stable, a substantial amount of
fishing pressure and a high dependence on annual recruitment (i.e. strong year-classes) to
the fishery exists. The reliability of these conclusions, however, is determined by the
accuracy of information on which the age-structured assessment model was based.
Results from this study indicate that the underlying assumption of constant natural
mortality and exploitation rates for spotted seatrout populations within the state may be
incorrect. The annual survival rates that we observed were between 1.5 to 3.3 times lower
than those estimated in the statewide assessment, which can impair population resiliency
to environmental changes and anthropogenic perturbations (Berkeley et al. 2004; Hsieh et
al. 2010), particularly in basins with limited recruitment success of early life-stages (e.g.,
larvae and juveniles) to the fishable stock. Although recruitment of spotted seatrout in
coastal Louisiana has not been comprehensively examined, research suggests that
seagrass is an important limiting factor (Chester and Thayer 1990; Rozas and Minello
1998). This is especially alarming in Lake Pontchartrain where the general decline of
both submerged aquatic vegetation and emergent marsh has been extensively documented
since the mid-19th century (Penland et al. 2002a; Poirrier et al. 2009, 2017). Another
significant advantage of the mark-recapture model that I used to estimate instantaneous
rates over traditional stock assessment models is that I was able to quantify the temporal
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variability in mortality (i.e., seasonal differences). Rather than assuming constant annual
mortality rates, the estimates provided here indicate high intra-annual variability in S.
Overall, annual mortality was elevated throughout the year, but was considerably high
during the summer season, which coincides with the peak spawning period of spotted
seatrout in Louisiana (Nieland et al. 2002). Given uncertainty in spatio-temporal
differences in angler effort and annual recruitment, more conservative management
actions may be needed to both maximize fishery yield and achieve a stable spawning
stock biomass (SSB). In general, to greatly improve our ability to achieve fisheries’
population stability and productivity for the future, it will be necessary to set meaningful
benchmarks based on the best available science that reflects local conditions.

Limitations and future considerations
Although these results provide new information necessary for advancing
understanding of the spatial and temporal components of spotted seatrout population
dynamics, a major limitation of this study is the failure to identify the distinct sources and
levels of mortality affecting the population in Lake Pontchartrain. Even though
determining the influence of fishing (F) and natural mortality (M) on total instantaneous
mortality (Z) was beyond the scope of this study, in order to improve mortality estimates
and the understanding of its individual components it is recommended that future studies
adopt the methods of a telemetry tagging approach, as described herein, in conjunction
with either a high-reward tagging program or a traditional capture-recapture study
(Pollock et al. 2004). The combination of tag-return and telemetry methods is a new
approach that has received considerable attention in recent years, and results in improved
estimates of mortality rates by taking advantage of the strengths of both techniques (Pine
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et al. 2003); in other words, tag-return methods provide direct information on harvest
from returned tags and allow a larger sample of fish because tags are inexpensive,
whereas telemetry methods are more restricted to smaller sample sizes due to costly
equipment and labor-intensive practices, but provide direct information on natural
mortality and does not depend on a reporting rate estimate (Hightower et al. 2001).
Although incorporation of these improved techniques could lead to more accuracy and
precision of survival rates, local estimates of biological parameters are ultimately needed
to more effectively manage recreational fish stocks. The mortality rates found in this
study seem to be inflated in comparison to other estuarine basins across the state,
suggesting differential survival of spotted seatrout may necessitate regional management
practices as opposed to the currently adopted statewide management approach. However,
it should also be cautioned that transmitter loss in areas outside of receiver coverage
could result in differential survival and recapture probabilities over time (i.e. survival is
confounded with transmitter loss). Such loss in detectability may result as either a means
of tag loss or transmitter failure, and would overestimate Z in my study. Although several
studies have assumed that transmitter expulsion or failure was negligible (Hightower et
al. 2001; Heupel and Simpfendorfer 2002; Bacheler et al. 2009; Friedl et al. 2013),
conducting mobile tracking surveys at regular intervals (Hightower et al. 2001) or
deploying a dense acoustic array to continuously monitor fish for the entire period they
are present in the study area (Heupel and Simpfendorfer 2002) would provide critical
information needed to more confidently assign fates to telemetered fish.
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CHAPTER 5. GENERAL CONCLUSIONS
Although spotted seatrout have consistently been the most targeted recreational
species among saltwater anglers (Vanderkooy and Muller 2003) and are considered one
of the preferred recreational species along the south Atlantic and Gulf of Mexico (GOM)
coasts (Tabb 1960; Perret et al. 1980; Brown 1981; Rutherford 1982; Ditton et al. 1991),
the spatial ecology of adult spotted seatrout is still poorly understood.1 A better
understanding of the movement and distribution patterns of spotted seatrout, and how
extensively individuals utilize estuarine and coastal ocean habitats will help resolve
aspects of their complex life history and population dynamics (e.g., connectivity among
coastal basins), as well as begin to define critical habitats for this species. The overall
goal of this project was specifically to address these areas of concern by examining the
movements, distribution, and survival of adult spotted seatrout in the Lake Pontchartrain
basin.
This dissertation advances knowledge of the spatial ecology of spotted seatrout in
coastal Louisiana, and provides a novel approach to the assessment of the spotted seatrout
population in Lake Pontchartrain through the coupling of remote acoustic telemetric
methods with spatial analyses. Although this technology has enhanced the understanding
of individual behavioral characteristics and broad-scale distributional patterns of many
marine and freshwater organisms, failure to understand the performance of acoustic
receivers in a fluctuating environment may lead to biased data interpretations. While the

1

For a comprehensive review of the most current biological information available for the
species, refer to the following fishery management plans developed by the Gulf States
Marine Fisheries Commission and the Atlantic States Marine Fisheries Commission
(Perret et al. 1980; Mercer 1984; Blanchet et al. 2001).
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research community is becoming increasingly aware of the necessity of assessing
receiver performance and the implications of performance variability, most studies report
detection ranges either assumed from manufacturer specifications or obtained from
published literature, rather than being directly measured. My methods validation study
(Chapter 2) was unique in that it presented one of the most comprehensive evaluations of
the performance of passive acoustic telemetry equipment in a highly turbid, shallow
water estuarine system to date. The long-term range test conducted over a period of one
year revealed that detection range of acoustic receivers was highly dynamic and
principally controlled by distance, transmitter type, and time deployed. This high degree
of variability in detection range must be taken into consideration to properly design
receiver arrays that not only address study-specific objectives, but also allow the
researcher to draw sound conclusions. As illustrated in my evaluation of receiver
coverage in the tidal inlets, this is especially important for studies using acoustic gates to
investigate fish migration. Given that detection efficiencies varied significantly among
the four major exit routes of Lake Pontchartrain (e.g. Rigolets Pass, Chef Menteur Pass,
the IHNC, and Pass Manchac), conservative spacing between receivers should be sitespecific, and is necessary to optimize the detection of fish migrating during poor acoustic
conditions. In general, this study identifies the dangers of simply adopting detection
ranges previously reported, thereby supposing potentially invalid assumptions about the
study population. Based on these findings, I recommend that telemetry researchers
conduct in-situ range testing using transmitters with different power outputs over a range
of environmental conditions to more confidently recognize the primary factors
influencing receiver performance.
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Acoustic telemetry provides a unique opportunity to remotely monitor species’
movement and distribution patterns at high spatio-temporal scales, allowing researchers
to more rigorously examine the complex relationship between habitat suitability and
opportunistic utilization of this ecologically and economically important finfish.
Although previous research has described seasonal distribution patterns of spotted
seatrout in Louisiana estuaries (Helser et al. 1993), the impetus behind these behavioral
changes are largely understudied. My estuarine-scale movement and distribution study
(Chapter 3) focuses on quantitatively measuring habitat utilization of adult spotted
seatrout in the Lake Pontchartrain estuary through the use of passive ultrasonic telemetry.
The main findings drawn from this chapter of my dissertation are surprising in the sense
that temperature was found to be the only strong environmental driver affecting spotted
seatrout distribution, whereas the salinity effect appeared to be much less influential.
While spotted seatrout exhibit no clear habitat preferences among artificial reef, marsh
edge, rangia shell pad, SAV bed, or mud-bottom sites found in Lake Pontchartrain, the
highest spotted seatrout densities were found between 15 and 25 °C and salinities above
15 ‰. Nevertheless, both male and female spotted seatrout occupied higher salinity areas
to a lesser extent, further supporting the idea that salinity does not contribute significantly
to distributional patterns in this system. In addition, this study provides the first reported
size-specific suitabilities of adult spotted seatrout. Although males and females showed
similar responses to salinity and temperature patterns, divergent behavior related to size
was found, whereby small-intermediate sized spotted seatrout (300 – 400 mm TL) were
more highly associated with areas of decreasing salinity (< 5 ‰) than large spotted
seatrout (500 – 600 mm TL). Seasonal and sex-related trends in estuarine-scale
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distribution were also evident. Overall, male spotted seatrout showed an affinity for the
upper estuary, particularly in the winter and spring seasons when the distribution of
females was more evenly dispersed throughout the estuary. This study has demonstrated
the utility of integrating acoustic telemetry with ecological modeling to examine the
underlying factors regulating spotted seatrout distribution in more detail than previously
possible.
In addition to characterizing the spatiotemporal variability in the distribution of
adult spotted seatrout, the proper management of exploited fish populations depends on a
clear understanding of the dynamic aspects of mortality affecting abundance. Acoustic
telemetry data provide new opportunities to improve our understanding of the spatial and
temporal components of fish population dynamics that are necessary for the advancement
of effective management strategies. My multiyear mark-recapture study (Chapter 4)
produced the first field-based estimates of spotted seatrout survival in the Lake
Pontchartrain basin. This study continues to address the distribution patterns of adult
spotted seatrout through the integration of acoustic telemetry into a multistate markrecapture modeling framework used to monitor population dynamics of the stock for the
purpose of informing future management decisions. The main focus of this chapter was to
monitor monthly movements at the estuarine level and to estimate monthly survival of
adult spotted seatrout in Lake Pontchartrain based on the recovery of marked individuals.
Telemetry estimates of survival varied seasonally across the duration of my study (Nov.
2012 – Nov. 2014), and appeared to be strongly size-dependent. For instance, monthly
survival was generally highest in the winter months (0.34 – 0.92) and lowest in the
summer months (0.05 – 0.74), whereas average annual survival estimates ranged from
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0.02 – 0.10 for small (396 mm TL) to large-sized (500 mm TL) individuals. These
findings indicate that mortality rates in the Lake Pontchartrain estuary may be higher than
other areas of the Gulf of Mexico region, suggesting that a regional management
approach for the spotted seatrout population in Louisiana may be more appropriate than
the currently adopted statewide management approach. Further, I found that adult spotted
seatrout showed a high degree of fidelity to the northeastern and easternmost regions of
Lake Pontchartrain, but 35.6% of telemetered fish emigrated from the estuary between
the mid-spring and late-fall months. The results of my multistate mark-recapture study
provide information of critical population parameters that has the ability to inform
management decisions, and thus, improve stock assessments of Louisiana spotted
seatrout in the future.
In summary, the ecological information presented in my dissertation expands the
currently held knowledge about the factors affecting spotted seatrout mortality and
distribution, and will contribute to the evaluation of critical habitat requirements of this
important recreational species, as well as effectively inform management decisions of the
current stability of the Louisiana spotted seatrout stock. Although these findings provide
new information necessary to both improve understanding of the general life history of
spotted seatrout, as well as to strengthen the ability to effectively manage this species,
many fundamental questions regarding the spatial ecology of adult spotted seatrout in
Louisiana coastal waters remain unknown. For example, what are the underlying
mechanisms that promote distinct salinity preferences between spotted seatrout of
different size-classes? What are the factors driving differential habitat use patterns of
male and female spotted seatrout? Is the Lake Pontchartrain spotted seatrout stock locally
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adapted to the salinity regime in this estuary? What are the specific factors causing
decreased survival of spotted seatrout in Lake Pontchartrain (e.g., high M or high F)? Do
exploitation rates vary across the state? What physiological adaptations allow smallersized spotted seatrout to utilize areas of low salinity?
The answers to these critical questions will offer new opportunities to advance
conservation and management strategies adopted for this valuable fishery resource in
Louisiana. Due to increasing exploitation rates in combination with higher rates of human
population growth and urbanization in coastal areas (Peterson and Lowe 2009), it has
become increasingly vital that researchers and managers alike actively monitor this
natural resource. Concentration of future research efforts on providing critical data
needed to achieve best management practices is especially timely considering that coastal
Louisiana is a heavily altered ecosystem, continually undergoing extensive modification
implemented by the Army Corps of Engineers (ACOE) for flood mitigation (e.g.,
opening of the Bonnet Carré spillway and proposed levee-construction), in addition to
proposed wetland restoration projects (e.g., marsh creation projects such as large-scale
sediment diversions) initiated by Louisiana Coastal Protection and Restoration Authority
(CPRA). As we face future impending threats such as global climate change and human
population overgrowth, moving towards an ecosystem-based fisheries management
(EBFM) approach that integrates all available scientific information on the species of
concern in a holistic manner, including knowledge of interactions among fish species,
other organisms, and their environment, will be imperative.
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APPENDIX A. SUPPLEMENTARY INFORMATION FOR CHAPTER 2
A.1. ANALYSIS OF WATER QUALITY DATA

Outlier Detection Methods
An exploratory data analysis (EDA) approach was adopted to determine the
quality of continuous physicochemical data collected in the upper (30.2925°N,
90.3032°W) and lower (30.1899°N, 89.7704°W) basin of Lake Pontchartrain.
Measurements of dissolved oxygen (mgL-1), turbidity (NTU), temperature (°C), and
salinity (‰) that exceeded 1.5 interquartile range (IQR) below the first quartile or above
the third quartile were deemed outliers. Although no dissolved oxygen or temperature
outliers were detected for either location, extreme observations of salinity were validated
using the nearest source of independent water quality information. More specifically,
salinity data were obtained from the USGS Rigolets Hwy. 90 station
(www.waterdata.usgs.gov) located near Slidell, LA (30.1669°N, 89.7406°W) and from
the Coastwide Reference Monitoring System (CRMS) 0030 site (www.lacoast.gov)
located just north of Pass Manchac (30.3048°N, 90.3294°W) to verify readings from the
water quality sondes I deployed in Lake Pontchartrain (Figure A.1). Due to considerable
sensitivity of the turbidity probe to biofouling, omission criteria were established based
on eight water quality monitoring stations regularly sampled by the Lake Pontchartrain
Basin Foundation (LPBF) since 2001 (www.saveourlake.org). Measurements greater than
the maximum turbidity value (290 NTUs) of the historical LPBF dataset (2001 – present)
were removed from further analysis.
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Predictive Model
Multiple linear regression (MLR) analysis was conducted in SAS 9.3 to estimate
turbidity during periods of unreliable data recordings; predicted values were used in place
of erroneous observations that were omitted based on the maximum threshold of 290
NTUs. Daily average precipitation (mm), wind speed (ms-1), and wind direction (°)
obtained from the NCDC NO Lakefront Airport station (www.ncdc.noaa.gov), as well as
daily average discharge (m3s-1) obtained from USGS sites located in the Amite
(30.4639°N, 90.9903°W), Tangipahoa (30.5064°N, 90.3617°W), Tickfaw (30.6861°N,
90.6431°W), Tchefuncte (30.6158°N, 90.2486°W), and Pearl (30.7931°N, 89.8208°W)
rivers were included in the model as explanatory variables. VIF and CI diagnostic
measures were evaluated for the full model to determine if multicollinearity was present.
No multicollinearity was detected based on these two standards. The best fit predictive
regression model for the easternmost and westernmost sonde was selected using the
adjusted R2 as follows:
𝑇𝑢𝑟𝑏𝐸 = 𝑁𝑊𝑖𝑛𝑑 + 𝐷𝑖𝑠𝑇𝑖𝑐𝑘 + 𝐷𝑖𝑠𝐴𝑚 + 𝐷𝑖𝑠𝑃

Model A.1

𝑇𝑢𝑟𝑏𝑊 = 𝑃𝑟𝑒𝑐 + 𝑁𝑊𝑖𝑛𝑑 + 𝐸𝑊𝑖𝑛𝑑 + 𝐷𝑖𝑠𝑇𝑐ℎ𝑒 + 𝐷𝑖𝑠𝐴𝑚 + 𝐷𝑖𝑠𝑃 Model A.2,
where TurbE is predicted turbidity at the easternmost sonde location, TurbW is predicted
turbidity at the westernmost sonde location, Prec is precipitation, NWind is northerly
wind velocity, and EWind is easterly wind velocity. Discharge from the major rivers
contributing to the variability of turbidity are denoted as DisTick for the Tickfaw River,
DisTche for the Tchefuncte River, DisAm for the Amite River, and DisP for the Pearl River.
Homogeneity of variance (HOV) and normality assumptions of MLR analysis were
assessed using residual plots and the Shapiro-Wilk test, respectively. The daily average of
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all water quality parameters was subsequently calculated separately for each sonde (Table
A.1).

Table A.1. Summary statistics calculated for each of the environmental variables.
Region
Env. Variable
Mean
Range
Turbidity
West
20.9
0.0 – 90.1
(NTUs)
Dissolved Oxygen
West
8.3
6.1 – 12.0
(mgL-1)
Temperature
West
21.7
5.5 – 32.4
(°C)
Salinity
West
1.0
0.1 – 3.1
(‰)
Turbidity
East
14.0
0.2 – 77.9
(NTUs)
Dissolved Oxygen
East
8.2
5.2 – 11.8
(mgL-1)
Temperature
East
21.0
6.3 – 31.3
(°C)
Salinity
East
4.8
0.7 – 17.7
(‰)

A.2. ASSESSMENT OF REGIONAL DIFFERENCES IN WATER QUALITY
Because the sonde nearest the long-term range test site (30.1373°N, 90.1168°W)
was lost prior to the onset of the study, regional differences in water quality were
examined to determine whether averaging the measurements of the two continuously
operating water quality monitoring stations (Figure A.1) would provide a valid
substitution for true ambient conditions. Linear mixed models were constructed in SAS
9.3 to explore the seasonal relationships of environmental variables by comparing water
quality parameters periodically recorded at the study site to observations collected by the
easternmost and westernmost sondes during the same time period.
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Figure A.1. Map of water quality monitoring sites used to validate data collected at the
two continuously operating multi-parameter sondes (YSI 6600V2; Yellow Springs, OH)
deployed for the duration of the long-term range test as depicted by the blue triangles in
the westernmost (30.2925°N, 90.3032°W) and easternmost (30.1899°N, 89.7704°W)
regions of Lake Pontchartrain. The eight LPBF stations used to provide baseline turbidity
values are shown by orange dots. Purple dot represents the CRMS 0030 station used to
corroborate salinity measured by the westernmost YSI sonde, and the green dot
represents the USGS Rigolets Hwy. 90 station used to corroborate salinity measured by
the easternmost YSI sonde.

Specifically, temperature (°C), salinity (‰), and dissolved oxygen (mgL-1) data collected
by the LDWF, as well as turbidity (NTU) data collected by LSU1, were combined across

1

Bramer, N. 2015. Habitat preferences of adult spotted seatrout, Cynoscion nebulosus, in
Lake Pontchartrain, Louisiana. Master’s thesis. Louisiana State University. Baton
Rouge, Louisiana.
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eighteen dates (17 Jun 2013, 21 Aug 2013, 08 Oct 2013, 05 Dec 2013, 16 Jan 2014, 16
Feb 2014, 19 Mar 2014, 21 Mar 2014, 19 May 2014, 20 Jun 2014, 02 Jul 2014, 08 Jul
2014, 11 Jul 2014, 08 Aug 2014, 27 Aug 2014, 04 Sep 2014, 05 Sep 2014, 03 Dec 2014)
to represent conditions at the range test site. To determine if these measurements were
significantly different from those recorded in the upper and lower basin of Lake
Pontchartrain, all sonde recordings within an hour (± 1 hr) of measurements taken at the
range test site were queried. Values of turbidity, dissolved oxygen, salinity, and
temperature were compared among regions with an analysis of covariance (ANCOVA)
that included Year as a random effect to remove any residual variation due to year, as
well as linear, quadratic, and cubic terms to account for seasonal variability. Backward
elimination procedures based on Type I sums of squares (SS) were adopted to retain
significant terms of the full interaction model shown below:
𝑌 = 𝐽𝐷 + (𝐽𝐷 ∗ 𝐽𝐷) + (𝐽𝐷 ∗ 𝐽𝐷 ∗ 𝐽𝐷) + 𝑅𝑒𝑔𝑖𝑜𝑛 + 𝑅𝑒𝑔𝑖𝑜𝑛 ∗ 𝐽𝐷 +
𝑅𝑒𝑔𝑖𝑜𝑛 ∗ (𝐽𝐷 ∗ 𝐽𝐷) + 𝑅𝑒𝑔𝑖𝑜𝑛 ∗ (𝐽𝐷 ∗ 𝐽𝐷 ∗ 𝐽𝐷) + 𝑌𝑒𝑎𝑟

Model A.3,

where Y is either the turbidity, dissolved oxygen, salinity, or temperature dependent
variable, JD is the Julian day (i.e., integer dates ranging from 1 to 365) divided by 100,
Region is West, East, Both (i.e., daily average of both East and West measurements) or
Range (i.e., environmental data collected at the range test site) categorical assignments of
region, and Year is the year (i.e., 2013, 2014) each observation was recorded. Least
squares (LS) means were obtained from the reduced model, and Tukey-HSD post-hoc
tests were used to examine all pairwise differences between LS means for significance
(𝛼=0.05). Homogeneity of variance (HOV) and normality assumptions of MLR analysis
were assessed using residual plots and the Shapiro-Wilk test, respectively. Results
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indicate that there were no regional differences among any of the environmental variables
except salinity (p = 0.0007; Table A.2). LS means from the region main effect showed
that although salinity at the Range region was not significantly different from either the
Both (p = 0.8279) or West (p = 0.0798) regions, salinity was significantly different
between the Range and East (p = 0.0266) regions (Table A.3). The estimated differences
in LS means among the regions show that salinity recorded at the Range region is
consistently best approximated by the average salinity of the two water quality
monitoring stations (Both region) (Figure A.2).

Table A.2. Results of reduced ANCOVAs on Temperature, Salinity, Dissolved Oxygen,
and Turbidity with non-significant effects removed.
Response Variable Effect
Numerator df Denominator df F Value P-value
Temperature

JD
1
JD*JD
1
JD*JD*JD 1
Salinity
JD
1
JD*JD
1
Region
3
Dissolved Oxygen JD
1
JD*JD
1
JD*JD*JD 1
Turbidity
Nonea
a
Null model selected, i.e. intercept-only

43
43
43
41
41
41
43
43
43

68.61
1213.44
59.85
17.97
9.18
6.95
17.87
223.02
4.38

<0.0001
<0.0001
<0.0001
0.0001
0.0042
0.0007
0.0001
<0.0001
0.0423

Table A.3. Post-hoc pairwise Tukey significance groups of Salinity (‰) values between
regions.
Region
LS Mean Salinity (‰)
Standard Error
Significance Group
Range
2.8492
0.6251
A
Both
3.6205
0.6507
AB
East
5.5005
0.6507
B
West
1.2918
0.6805
A
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Figure A.2. Estimates of LS means from the reduced salinity ANCOVA by region (Both,
East, West, and Range). Solid line represents the predicted seasonal trends for each
region (blue – Both, red – East, green – Range, and black – West), whereas circles
represent observed values. The x-axis represents the number of days since the beginning
of the year (1-365) divided by 100. Note that the ‘Both’ region is the average of the
‘East’ and West’ regions; the ‘Range’ region is the average of the monthly point samples
measured at the site of the range test.

A.3. EVALUATION OF LOGISTIC REGRESSION MODELS
Prior to fitting the reduced-dimension models listed in Table 2.12 (Models 2-7),
global model (Model 2.1 containing all variates of interest) goodness of fit (GOF) was
assessed for both binomial and quasi-binomial logits. Half normal probability plots
revealed extreme lack of fit (LOF) under the binomial framework that can be attributed to
overdispersion (Figure A.3a). More specifically, the dispersion parameter reflects the
excess dispersion that is not accommodated by the variance structure as calculated by the
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Pearson’s chi-square over residual degrees of freedom (χ2 /df).2 Assuming a binomial
distribution, the dispersion parameter (ĉ) is expected to be close to 1 for an adequately
fitted model, with values of ĉ > 1 suggesting overdispersion. The dispersion parameter
for this analysis was estimated to be ĉ = 29.2 for the most saturated binomial regression
model, indicating that a larger degree of variation exists in the modeled outcome than can
be accounted for with binomial variance, np(1-p). A quasi-binomial model structure was
therefore used to adjust for overdispersion as explained in Section 2.2.4 Data Analysis,
achieving a much better fit to the data (Figure A.3b).
Correlated observations can lead to overdispersion3, which in this case is likely
induced through autocorrelation introduced by ambient conditions. For instance,
environmental factors (temperature, salinity, turbidity) are relatively invariant over short
time intervals (e.g., conditions on day-1 are dependent on conditions on day-0), resulting
in time-dependent outcomes. Daily detection efficiency (DE) at all receiver distances
except the 0-m station (i.e., 500 m, 700 m, and 900 m) reveal significant lag-1
correlations for both sentinel transmitters (Figure A.4; Figure A.5).

2

McCullagh, P., and J. A. Nelder. 1989. Generalized linear models, 2nd Edition.
Chapman and Hall, London, UK.
3
Demétrio, C. G. B., J. Hinde, and R. A. Moral. 2014. Models for overdispersed data in
entomology. Pages 219–259 in C. P. Ferreira and W. A. C. Godoy, editors.
Ecological modeling applied to entomology. Springer, Cham, Switzerland.
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Figure A.3. Half-normal plots with simulated envelopes of deviance residuals for (a)
binomial and (b) quasi-binomial logit models. The occurrence of points falling outside of
the simulated envelope indicates that the fitted model is not appropriate. Individual marks
( ) represent observed standardized residuals; solid line (—) represents the simulated
envelope constructed as the mean, minimum, and maximum values of absolute residuals
determined from 19 randomly generated Bernoulli observations.

Figure A.4. Correlogram of the detection efficiency (DE) time-series by receiver distance
(black line – 0 m, yellow line – 500 m, red line – 700 m, blue line – 900 m) for the V161L sentinel transmitter. The blue dotted lines represent the 95% confidence interval (CI).
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Figure A.5. Correlogram of the detection efficiency (DE) time-series by receiver distance
(black line – 0 m, yellow line – 500 m, red line – 700 m, blue line – 900 m) for the V131H sentinel transmitter. The blue dotted lines represent the 95% confidence interval (CI).
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APPENDIX B. SUPPLEMENTARY INFORMATION FOR CHAPTER 3
B.1. INSHORE ARTIFICIAL REEF PROGRAM IN LAKE PONTCHARTRAIN

Table B.1. Location and composition of the inshore artificial reef structures constructed
in Lake Pontchartrain between 2001 and 2014. (Accessed from www.wlf.louisiana.gov)
Reef Site Name

Donor/Partner

Structure

Laketown
Lake Front
North Shore
North Twin Span

Latitude/Longitude
NAD83
N30° 02.633’ W90° 14.362’
N30° 03.521’ W89° 59.608’
N30° 16.296’ W90° 03.753’
N30° 11.618’ W89° 50.219’

CCA
Limestone
LPBF
Limestone
LPBF
Reef Balls
NOAA Disaster Grant Bridge Rubble
DOTD
CCA
Orleans
LPBF
Reef Balls
N30° 07.455’ W90° 04.703’
South Shore 1
LPBF
Reef Balls
N30° 05.028’ W90° 12.096’
South Shore 2
LPBF
Reef Balls
N30° 05.034’ W90° 12.582’
South Shore 3
LPBF
Reef Balls
N30° 05.274’ W90° 12.366’
South Twin Span
NOAA Disaster Grant Bridge Rubble N30° 10.169’ W89° 50.744’
DOTD
CCA
St. Tammany (east)
LPBF
Reef Balls
N30° 13.456’ W89° 56.838’
St. Tammany (west) LPBF
Reef Balls
N30° 18.348’ W90° 09.000’
St. Tammany Pier
CCA
Bridge Rubble N30° 12.408’ W89° 48.961’
St. Charles
LPBF
Reef Balls
N30° 08.077’ W90° 19.048’
West End
CCA
Limestone
N30° 01.838’ W90° 07.199’
*Note that the Lake Pontchartrain Basin Foundation is abbreviated as LPBF, and the Coastal
Conservation Association as CCA.

B.2. ESTIMATION OF SURVIVAL FROM ACOUSTIC TAGGING METHODS

Overall, survival was moderately high for all fish undergoing surgery (66%),
suggesting that acoustic transmitter implantation is reasonably well tolerated by spotted
seatrout (Figure B.1). Surgery-related mortalities were observed for 71 individuals,
including 20 fish that were never detected within the battery life of their transmitters
(Table B.2). Post-surgery recovery of telemetered spotted seatrout was exceptionally low
for the Spring 2013 cohort (i.e., 39 fish tagged and released between 20 – 24 May 2013),
with only 43.6% of individuals surviving, presumably due to cumulative stress effects
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induced by increased water temperatures (26 °C) and low salinities (1.5 ‰) (Table B.3).
Multiple logistic regression analysis was conducted (proc logistic; SAS 9.4) to evaluate
the relationship between survival (0 = alive, 1 = dead) and several surgery-dependent
factors, including size (TL, mm), weight (kg), sex, transmitter:body mass ratio, anesthetic
time (time of exposure to clove oil), surgery time, holding time (time between capture
and release), release group (Fall 2012, Spring 2013, Fall 2013, Spring 2014), mean
temperature at release location, and mean salinity at release location (Table B.4).
Stepwise selection procedures were employed to retain all variables significant at an 𝛼level of 0.05, and goodness of fit (GOF) of the most parismonious model was assessed
using the Hosmer-Lemeshow test. Results indicate that surgery time (p = 0.0002),
holding time (p = 0.0226), and mean salinity at release location (p = 0.0029) were the
only signficant factors contributing to the survival of spotted seatrout (Table B.5). The
probability of survival was not, however, influenced by individual characterstics (i.e.,
sex, size, weight) or tag burden of telemetered individuals, suggestting that the surgical
procedure uniformly affected spotted seatrout. In general, the faster the fish was released
after surgery, the more likely it was for the fish to survive. The odds ratio showed that as
holding time increased by five minutes, the probability of survival decreases by 1.5%
(Table B.5); fish that survived the tagging process, were held on average 37 minutes less.
Additionally, the likelihood of survival increased by 26.9% for every 1-unit increase (‰)
in salinity (Θ = 1.269). Although mortality is known to proportionally increase with
surgery time1, the duration of the surgical procedure in the present study was

1

Reese Robillard, M. M., L. M. Payne, R. R. Vega, and G. W. Stunz. 2015. Best
practices for surgically implanting acoustic transmitters in spotted seatrout.
Transactions of the American Fisheries Society 144:81–88.
261

unexpectedly longer for fish that survived (>37 – 140 s), and therefore, the effect is
considered contradictory. The Hosmer-Lemeshow statistic (p = 0.3382) indicates that the
reduced 4 parameter model achieves an adequate fit to the observed data.

Figure B.1. Daily chronology of the number of active spotted seatrout (Cynoscion
nebulosus) by release group (Fall 2012—red, Spring 2013—green, Fall 2013—blue, and
Spring 2014—purple). A telemetered fish was considered ‘active’ until the date of last
detection. The dark gray vertical lines represent the duration of the four separate tagging
events.
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Table B.2. Individual characteristics of 211 telemetered spotted seatrout (Cynoscion nebulosus) acoustically monitored by the passive
receiver array in Lake Pontchartrain during the 731-day study period (15 Nov 2012 to 15 Nov 2014). Capture Date = date fish was
tagged and released; Last Date = date of last recorded transmission; TAL = total days fish was in study area; Stations Visited = total
number of receivers fish was detected on; Displacement = total distance traveled estimated as the sum of movement distances (km).
Abbreviations are as follows: TL = total length, TAL = time at large, F = female, M = male, U = unknown. Asterisks (*) indicate
individuals that are classified as tagging-induced mortalities. -- indicates that the value is not available.
Fish ID

TL
(mm)

Weight
(kg)

Sex

Capture Date

Tag Type

Release Group

Last
Date

12605
12606*
12607*
12608
12609
12610
12611*
12612
12613
12614
12615
12616
12617*
12618
12619
12620
12621
12622
12623
12624*
12625
12626
12627*
12628
12629
12630*
12631*

337.8
345.4
325.1
322.6
320.0
360.7
320.0
342.9
304.8
360.7
304.8
312.4
342.9
340.4
317.5
317.5
345.4
340.4
330.2
292.1
342.9
335.3
360.7
368.3
388.6
315.0
342.9

0.380
0.380
0.320
0.295
0.295
0.438
0.285
0.360
0.265
0.410
0.245
0.285
0.360
0.315
0.295
0.300
0.360
0.360
0.330
0.230
0.290
0.325
0.390
0.465
0.515
0.275
0.355

F
F
F
F
U
F
F
F
F
U
U
F
F
U
F
F
F
F
F
U
M
F
F
F
U
F
F

11/6/13
11/6/13
11/6/13
11/6/13
11/6/13
11/4/13
11/6/13
11/6/13
11/6/13
11/6/13
11/6/13
11/4/13
11/6/13
11/6/13
11/6/13
11/6/13
11/6/13
11/4/13
11/6/13
11/6/13
11/4/13
11/6/13
11/6/13
11/4/13
11/6/13
11/6/13
11/6/13

V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H

Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013

5/13/14
--12/16/13
4/25/14
11/11/13
4/4/14
12/5/13
12/18/13
11/25/13
11/11/13
4/16/14
11/11/13
11/13/13
11/26/13
11/20/13
11/13/13
11/28/13
11/17/13
-11/11/13
2/20/14
11/8/13
2/15/14
11/8/13
11/7/13
11/8/13
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TAL
(days
)
188
--40
170
7
149
29
42
19
5
163
5
7
20
14
7
24
11
-7
106
2
103
2
1
2

Stations Visited

Total Detections

Displacement
(km)

1
0
0
11
34
8
1
5
7
6
15
11
6
14
7
10
3
8
7
0
3
18
5
18
11
1
4

8
--660
3230
120
-80
3234
232
256
979
-228
410
172
1781
527
849
-8
3162
-6054
136
---

2.85
--104.57
610.57
35.97
-32.70
101.04
28.58
145.55
291.56
-155.79
76.39
45.17
5.63
70.34
148.50
-30.37
326.68
-355.08
63.91
---

12632

340.4

0.355

F

11/6/13

V9-2H

Fall 2013

11/22/13

16

7

647

70.61

Stations Visited

Total Detections

Displacement
(km)

13
15
4
13
6
11
28
7
26
13
19
5
1
24
7
9
4
4
9
20
1
15
7
6
17
2
1
2
2
18
8
9

4487
650
-318
251
2956
4695
-1176
816
561
--723
189
232
-391
255
1297
-478
124
-275
-----750
--

315.73
164.25
-115.22
41.67
176.10
506.28
-259.53
196.88
196.78
--206.85
115.04
58.90
-63.45
82.24
291.84
-71.82
52.55
-133.50
-----384.76
--

Table cont’d.
Fish ID

TL
(mm)

Weight
(kg)

Sex

Capture Date

Tag Type

Release Group

Last
Date

12633
12634
12635*
12636
12637
12638
12639
12640*
14832
14833
14834
14835*
14838*
14839
14840
14841
14842*
14843
14844
14845
14846*
14847
14848
14849*
14850
14851*
5414*
5415*
5416*
5417*
5418
5419*

375.9
368.3
337.8
309.9
294.6
337.8
363.2
348.0
342.9
330.2
393.7
396.2
368.3
360.7
355.6
408.9
335.3
304.8
317.5
332.7
391.2
330.2
360.7
393.7
335.3
304.8
419.1
426.7
381.0
396.2
386.1
381.0

0.500
0.410
0.375
0.270
0.250
0.345
0.425
0.290
0.440
0.360
0.575
0.580
0.855
0.475
0.475
0.750
0.400
0.285
0.325
0.390
0.510
0.395
0.505
0.670
0.435
0.350
0.715
0.765
0.680
0.805
0.570
0.570

F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
M
F
F
F
F
F
F
F
F
F
F
F
F
F

11/6/13
11/4/13
11/6/13
11/6/13
11/6/13
11/6/13
11/4/13
11/4/13
4/22/14
4/22/14
4/23/14
4/23/14
4/22/14
4/22/14
4/22/14
4/23/14
4/21/14
4/21/14
4/21/14
4/22/14
4/21/14
4/23/14
4/23/14
4/23/14
4/22/14
4/22/14
5/20/13
5/20/13
5/21/13
5/20/13
5/20/13
5/20/13

V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H

Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2013
Spring 2013
Spring 2013
Spring 2013
Spring 2013
Spring 2013

12/3/13
12/18/13
11/7/13
11/22/13
11/17/13
12/2/13
2/5/14
11/10/13
5/9/14
10/7/14
5/17/14
4/26/14
11/6/14
5/14/14
4/29/14
5/1/14
4/24/14
6/12/14
5/3/14
6/17/14
11/15/14
4/30/14
4/30/14
4/28/14
5/5/14
4/23/14
6/3/13
5/26/13
5/24/13
5/23/13
6/11/13
5/26/13
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TAL
(days
)
27
44
1
16
11
26
93
6
17
168
24
3
198
22
7
8
3
52
12
56
208
7
7
5
13
1
14
6
3
3
22
6

5420*
5421

393.7
449.6

0.625
0.740

F
U

5/24/13
11/6/13

V13-1H
V13-1H

Spring 2013
Fall 2013

5/27/13
4/14/14

3
159

9
45

-4346

-1070.66

Stations Visited

Total Detections

Displacement
(km)

29
2
6
25
56
2
6
37
12
8
9
11
18
0
3
12
24
17
18
9
18
14
22
32
1
10
27
1
13
2
28

1026
-699
3590
11355
135
-2869
3322
168
-424
3145
-12
-1473
2296
921
-357
714
297
740
-298
1766
--84
1511

710.39
-336.58
924.99
3934.84
12.14
-796.16
594.07
87.38
-49.39
627.19
-12.22
-494.03
871.59
232.72
-113.90
110.73
217.93
540.71
-244.17
253.20
--8.14
578.94

Table cont’d.
Fish ID

TL
(mm)

Weight
(kg)

Sex

Capture Date

Tag Type

Release Group

Last
Date

5422
5423*
5424
5425
5426
5427
5428*
5429
5430
5431
5432*
5433
5434
5435*
5436
5437*
5438
5439
5440
5441*
5442
5443
5444
5445
5446*
5447
5448
5449*
5450*
5451
5452

444.5
393.7
444.5
449.6
447.0
426.7
406.4
393.7
406.4
381.0
381.0
426.7
396.2
406.4
411.5
388.6
386.1
429.3
436.9
383.5
439.4
406.4
406.4
401.3
365.8
386.1
431.8
406.4
368.3
393.7
416.6

0.895
0.650
0.700
0.695
0.710
0.810
0.670
0.645
0.715
0.560
0.595
0.635
0.560
0.550
0.705
0.630
0.590
0.700
0.950
0.575
0.985
0.715
0.720
0.605
0.550
0.640
0.775
0.635
0.540
0.555
0.670

M
F
F
F
F
F
F
F
F
F
F
F
U
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F

4/23/14
4/23/14
11/4/13
11/8/13
11/6/13
11/6/13
4/21/14
4/23/14
11/8/13
4/23/14
4/22/14
11/6/13
11/8/13
11/8/13
4/22/14
4/22/14
4/22/14
11/8/13
4/23/14
4/22/14
4/21/14
4/22/14
4/23/14
4/23/14
4/23/14
4/22/14
4/22/14
5/20/13
5/21/13
4/23/14
5/20/13

V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H

Spring 2014
Spring 2014
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Spring 2014
Spring 2014
Fall 2013
Spring 2014
Spring 2014
Fall 2013
Fall 2013
Fall 2013
Spring 2014
Spring 2014
Spring 2014
Fall 2013
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2013
Spring 2013
Spring 2014
Spring 2013

6/9/14
4/25/14
2/18/14
1/6/14
5/5/14
3/22/14
4/23/14
6/10/14
12/13/13
5/1/14
4/27/14
12/6/13
12/7/13
-7/1/14
4/28/14
6/16/14
5/11/14
5/15/14
4/26/14
5/23/14
11/15/14
5/17/14
6/10/14
6/18/14
4/30/14
5/13/14
5/20/13
5/25/13
5/18/14
8/16/13
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TAL
(days
)
47
2
106
59
180
136
2
48
35
8
5
30
29
-70
6
55
184
22
4
32
207
24
48
56
8
21
0
4
25
88

5453
5454
5455

381.0
431.8
411.5

0.595
0.865
0.690

F
F
F

5/23/13
5/20/13
5/20/13

V13-1H
V13-1H
V13-1H

Spring 2013
Spring 2013
Spring 2013

4/2/14
7/10/13
6/5/13

314
51
16

12
13
4

5851
11408
869

215.90
124.38
176.01

Stations Visited

Total Detections

Displacement
(km)

25
13
5
29
40
23
36
15
27
35
5
16
33
22
1
13
13
5
19
26
45
21
16
33
50
15
17
13
3
7

9950
181
1276
3453
4507
2347
6313
253
7038
6123
659
488
9340
1339
-4378
1936
7736
2824
1292
5945
5369
602
4594
4660
825
637
3034
-553

319.74
207.18
93.01
343.26
1091.97
276.30
2040.55
190.04
1166.16
1114.55
116.59
148.14
1662.32
460.19
-1324.54
605.15
131.87
582.81
242.21
1599.44
621.88
172.60
446.87
1579.16
208.05
186.89
278.53
-171.35

Table cont’d.
Fish ID

TL
(mm)

Weight
(kg)

Sex

Capture Date

Tag Type

Release Group

Last
Date

5456
5457
5458
5459
5460
5461
5462a
5463
5464
5465
5466
5467
5468a
5469
5470*
5471
5472
5473
5474
5475
5476
5477
5478
5479a
5480
5481
5482
5483
5484*
5485

452.1
381.0
426.7
442.0
406.4
406.4
419.1
403.9
459.7
416.6
469.9
419.1
447.0
444.5
393.7
406.4
381.0
424.9
381.0
339.1
368.6
370.8
360.7
345.4
342.9
330.2
368.3
467.4
434.3
340.4

0.895
0.585
0.730
0.810
0.625
0.625
0.760
0.590
0.955
0.750
0.915
0.705
0.880
0.880
0.625
0.640
0.565
0.775
0.530
0.390
0.435
0.470
0.390
0.420
0.400
0.331
0.470
0.970
0.740
0.380

F
F
F
M
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
M
F
F
F
F
U
F
U
F
F
F

11/18/12
5/21/13
5/20/13
11/16/12
11/16/12
11/16/12
11/16/12
5/20/13
11/16/12
11/16/12
11/16/12
11/15/12
11/15/12
11/15/12
11/15/12
11/15/12
11/15/12
11/15/12
11/16/12
11/15/12
11/15/12
11/15/12
11/15/12
11/15/12
11/16/12
11/16/12
11/16/12
11/18/12
11/18/12
5/20/13

V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V13-1H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H

Fall 2012
Spring 2013
Spring 2013
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Spring 2013
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Spring 2013

1/22/13
6/6/13
7/2/13
5/3/13
6/2/13
2/10/13
5/23/13
5/29/13
4/8/13
6/1/13
12/1/12
5/2/13
4/1/13
2/20/13
12/6/12
5/26/13
12/17/12
1/6/13
4/9/13
4/16/13
6/1/13
3/5/13
11/23/12
4/26/13
5/17/13
3/12/13
4/17/13
1/20/13
11/24/12
6/26/13
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TAL
(days
)
65
16
43
168
198
86
188
9
143
197
15
168
137
97
21
192
32
52
144
152
198
110
8
162
182
116
152
63
6
37

5486*
5487*
5488
5489*

411.5
363.2
365.8
355.6

0.665
0.440
0.470
0.460

F
U
F
F

11/18/12
5/20/13
5/20/13
5/20/13

V9-2H
V9-2H
V9-2H
V9-2H

Fall 2012
Spring 2013
Spring 2013
Spring 2013

11/23/12
5/20/13
5/29/13
--

5
0
9
--

8
1
13
0

--211
--

--173.66
--

Stations Visited

Total Detections

Displacement
(km)

5
4
3
1
15
3
1
0
11
1
9
4
5
9
12
4
7
2
4
3
33
38
14
11
28
35
39
20
14

--494
-143
354
--310
---674
273
188
-25
---1918
4949
301
930
2904
1611
4005
5812
890

--28.80
-128.80
27.26
--185.95
---49.44
88.26
131.57
-24.99
---608.41
1095.01
86.46
89.33
394.50
554.07
774.92
1386.77
217.20

Table cont’d.
Fish ID

TL
(mm)

Weight
(kg)

Sex

Capture Date

Tag Type

Release Group

Last
Date

5490*
5491*
5492
5493*
5494
5495
5496*
5497*
5498
5499*
5500*
5501*
5502
5503
5504
5505*
5506
5507*
5508*
5509*
5510
5511
5512
5513
7633
7635
7637a
7639
7641a

312.4
345.4
375.9
355.6
373.4
335.3
375.9
358.1
337.8
330.2
342.9
358.1
411.5
307.3
355.6
332.7
337.8
337.8
368.3
345.4
355.6
322.6
317.5
393.7
495.3
487.7
505.5
482.6
457.2

0.250
0.375
0.535
0.415
0.475
0.360
0.540
0.405
0.365
0.305
0.375
0.460
0.540
0.245
0.390
0.420
0.355
0.365
0.505
0.390
0.365
0.320
0.275
0.515
1.135
1.175
1.220
0.965
1.020

M
F
F
F
F
F
F
F
F
M
F
F
F
M
F
M
M
U
F
F
U
F
F
F
F
F
F
F
F

5/24/13
5/21/13
5/21/13
5/20/13
5/21/13
5/20/13
5/20/13
5/24/13
5/20/13
5/20/13
5/23/13
5/21/13
11/4/13
5/24/13
5/24/13
5/23/13
5/24/13
5/24/13
5/24/13
5/24/13
11/4/13
11/4/13
11/4/13
11/4/13
11/16/12
11/16/12
11/16/12
11/16/12
11/4/13

V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9TP-2H
V9TP-2H
V9TP-2H
V9TP-2H
V13TP-1H

Spring 2013
Spring 2013
Spring 2013
Spring 2013
Spring 2013
Spring 2013
Spring 2013
Spring 2013
Spring 2013
Spring 2013
Spring 2013
Spring 2013
Fall 2013
Spring 2013
Spring 2013
Spring 2013
Spring 2013
Spring 2013
Spring 2013
Spring 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2013

5/28/13
5/22/13
2/16/14
5/20/13
5/28/13
5/27/13
5/23/13
-5/27/13
5/21/13
5/27/13
5/22/13
11/19/13
1/24/14
6/2/13
5/28/13
5/26/13
5/25/13
5/26/13
5/25/13
5/6/14
4/23/14
11/8/13
11/27/13
5/3/13
4/10/13
5/13/13
3/22/13
1/23/14
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TAL
(days
)
4
1
271
0
7
7
3
-7
1
4
1
15
245
9
5
2
1
2
1
183
170
4
23
168
145
178
126
80

7647*
7649*
7651
7681*
7685*

508.0
495.3
485.1
454.7
485.1

1.285
1.390
1.185
0.790
1.125

M
F
F
F
F

4/23/14
4/23/14
11/6/13
11/8/13
11/6/13

V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H

Spring 2014
Spring 2014
Fall 2013
Fall 2013
Fall 2013

-4/25/14
4/1/14
11/19/13
--

-2
146
11
--

0
5
1
1
0

--2
---

--1.39
---

Stations Visited

Total Detections

Displacement
(km)

12
0
13
27
3
6
8
5
19
0
13
28
20
17
11
21
21
3
2
0
28
10
50
23
10
27
35
6

394
-177
1910
--277
-656
-581
1656
210
2360
2570
575
384
---10233
5265
8403
767
25953
9773
2330
1183

70.59
-100.27
802.51
--103.24
-277.07
-131.01
434.15
170.88
482.67
143.91
307.11
325.51
---317.62
2282.08
1467.12
302.14
137.18
959.31
485.08
47.27

Table cont’d.
Fish ID

TL
(mm)

Weight
(kg)

Sex

Capture Date

Tag Type

Release Group

Last
Date

7687
7689*
7691
7693
7695*
7697*
7699
7701*
7703
7705*
7707
7709
7717
7721
7723
7729
7731
7733*
7735*
7739*
7741
7743a
7745
7747
7749
7751
7753
7755

508.0
462.3
490.2
492.8
462.3
457.2
520.7
454.7
513.1
508.0
464.8
472.4
492.8
528.3
482.6
518.2
558.8
475.0
457.2
497.8
482.6
500.4
546.1
469.9
469.9
459.7
462.3
528.3

1.225
1.000
1.360
1.245
1.020
1.070
1.555
1.005
1.440
1.290
0.940
1.140
1.405
1.495
1.260
1.595
1.570
1.255
1.040
1.360
0.940
1.345
1.385
0.950
1.075
1.040
0.995
1.505

F
F
F
F
F
F
F
F
F
F
F
F
F
U
F
F
F
F
F
F
F
F
F
F
F
F
F
F

11/4/13
11/6/13
4/23/14
4/23/14
4/23/14
4/23/14
4/23/14
4/23/14
4/21/14
4/21/14
4/21/14
4/23/14
4/23/14
4/21/14
4/21/14
4/23/14
4/21/14
4/21/14
4/22/14
4/22/14
11/15/12
11/15/12
11/15/12
11/15/12
11/15/12
11/16/12
11/16/12
11/18/12

V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H
V13TP-1H

Fall 2013
Fall 2013
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Spring 2014
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012
Fall 2012

11/11/13
-5/21/14
5/28/14
4/24/14
4/24/14
5/7/14
4/27/14
5/4/14
-5/2/14
5/24/14
5/7/14
9/18/14
11/15/14
5/15/14
5/18/14
4/23/14
4/23/14
-4/25/13
4/2/13
4/25/14
4/7/13
4/13/13
4/29/13
4/28/13
12/1/13
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TAL
(days
)
7
-28
35
1
1
14
4
13
-11
31
14
150
208
22
27
2
1
-161
138
526
143
149
164
163
378

7757
9455
9456*
9458
9459*
9460

462.3
337.8
363.2
335.3
398.8
378.5

1.020
0.460
0.420
0.450
0.605
0.610

F
F
F
F
F
F

11/18/12
4/23/14
11/8/13
4/22/14
4/23/14
4/23/14

V13TP-1H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H

Fall 2012
Spring 2014
Fall 2013
Spring 2014
Spring 2014
Spring 2014

11/28/12
5/17/14
-5/7/14
-6/19/14

10
24
-15
-57

8
16
0
13
0
4

401
601
-389
-656

120.79
95.43
-105.74
-67.12

Stations Visited

Total Detections

Displacement
(km)

2
0
2
0
0
10
0
28
0
1
0
7
0

404
----345
-1709
---45
--

11.44
----103.39
-564.18
---20.75
--

Table cont’d.

a

Fish ID

TL
(mm)

Weight
(kg)

Sex

Capture Date

Tag Type

Release Group

Last
Date

9461
9463*
9464*
9465*
9466*
9467
9468*
9469
9470*
9471*
9472*
9476
9477*

342.9
353.1
320.0
317.5
373.4
360.7
335.3
337.8
325.1
345.4
325.1
342.9
340.4

0.310
0.425
0.290
0.325
0.515
0.450
0.335
0.365
0.325
0.380
0.285
0.385
0.370

F
F
F
F
F
F
F
F
F
F
F
F
F

11/8/13
11/8/13
11/8/13
11/8/13
11/8/13
11/8/13
11/8/13
11/8/13
11/8/13
11/8/13
11/8/13
11/8/13
11/8/13

V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H
V9-2H

Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013
Fall 2013

11/16/13
-11/9/13
--12/3/13
-3/20/14
-11/26/13
-11/13/13
--

Fish that was recaptured by fisherman during the study.
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TAL
(days
)
8
-1
--25
-132
-18
-5
--

Table B.3. Average water quality parameters at release locations for each of the four
separate tagging events.
Water Temperature Salinity
Dissolved Oxygen
Period of Release
(˚C)
(‰)
(% Saturation)
Fall 2012
(11 Nov 2012 – 18 Nov 2012)

14.77

5.00

97.13

Spring 2013
(20 May 2013 – 24 May 2013)

26.46

1.51

94.32

Fall 2013
(04 Nov 2013 – 08 Nov 2013)

19.65

7.40

95.75

Spring 2014
(21 Apr 2014 – 23 Apr 2014)

20.35

2.68

96.50

Table B.4. Summary statistics of continuous variables included in the multiple logistic
regression model grouped by survival (0 = alive, 1 = dead). Values reported are range
(maximum – minimum), mean, and standard error of the mean (SE).
Survival
Predictor
Units
Mean (SE)
Range
Alive
Total length
mm
398.3 (5.28)
558.8 – 294.6
n = 140
Weight
kg
0.663 (0.03)
1.595 – 0.245
Transmitter:body mass ratio %
1.30 (0.03)
1.98 – 0.48
Anesthetic time
seconds
305 (11.18)
955 – 97
Surgery time
seconds
389 (8.08)
680 – 217
Holding time
minutes
145 (9.29)
488 – 21
Dead
Total length
mm
381.0 (6.32)
508.0 – 292.1
n = 71
Weight
kg
0.589 (0.03)
1.390 – 0.230
Transmitter:body mass ratio %
1.33 (0.04)
2.04 – 0.55
Anesthetic time
seconds
272 (16.3)
740 – 33
Surgery time
seconds
336 (7.31)
540 – 180
Holding time
minutes
183 (18.75)
491 – 26
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Table B.5. Results of logistic regression analysis of spotted seatrout (Cynoscion
nebulosus) survival. The variables included in the survival analysis were: total length
(mm), weight (kg), sex, transmitter:body mass ratio, anesthetic time (s), surgery time (s),
holding time (s), release group, mean water temperature at release location (˚C), and
mean salinity at release location (‰). Significant variables (𝛼 ≤ 0.05) retained by the
stepwise selection procedure are shown. Wald χ2 represents the Wald chi-square statistic
and Θ represents the odds ratio.
Variable
Surgery time
Holding time
Mean salinity

Regression coefficient
0.01040
-0.00005
0.23850

Wald χ2
13.8
5.2
8.9

p
0.0002
0.0226
0.0029

Θ
1.010
1.000
1.269

95% Confidence limits
1.005
1.016
1.000
1.000
1.085
1.485

B.3. SUPPLEMENTAL WATER QUALITY DATA IN LAKE PONTCHARTRAIN
Independent data sources included continuous data recorded by three stationary
water quality monitoring instruments (YSI 6600V2, Yellow Springs, OH) deployed in the
westernmost (30.2925°N, 90.3032°W), central (30.1373°N, 90.1168°W), and
easternmost (30.1899°N, 89.7704°W) regions of Lake Pontchartrain, high-density
physiochemical data sampled with an onboard flow-through water analysis system
between October 2013 and April 2015 in collaboration with this project 2, physical data
measured by the LDWF Marine Fisheries Division (www.wlf.louisiana.gov) as part of
their Fisheries Independent Monitoring Program (FIMP), and water quality monitoring
data collected by the LPBF for hydrological mapping of the Pontchartrain basin
(www.saveourlake.org) (Figure B.2). Temperature (°C), salinity (‰), and dissolved
oxygen (mgL-1) data measurements were combined in a geographic information system
(GIS) and interpolated values were generated to represent average monthly
environmental conditions for unsampled locations.

2

Bramer, N. 2015. Habitat preferences of adult spotted seatrout, Cynoscion nebulosus, in
Lake Pontchartrain, Louisiana. Master’s thesis. Louisiana State University. Baton
Rouge, Louisiana.
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Figure B.2. Map of water quality monitoring sites used to obtain predicted temperature,
salinity, and dissolved oxygen values through standard Euclidean interpolation. Blue
triangles represent the three multi-parameter sondes (YSI 6600V2; Yellow Springs, OH)
maintained by LSU throughout the current study, whereas purple dots represent the
location of water quality measurements recorded during complete sampling transects.
LDWF and LPBF long-term data collection sites are shown as green and orange circles,
respectively.
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B.4. SPATIO-TEMPORAL AUTOCORRELATION OF TELEMETRY DATA
Serial Correlation
Given measurements Y1, Y2, …, YN at times X1, X2, …, XN, the sample
autocorrelation function (ACF) is used to quantify the similarity between observations as
a function of the time lag (k) between them, defined by:
𝑟𝑘 =

̅
̅
∑𝑁−𝑘
𝑖=1 (𝑌𝑖 −𝑌)(𝑌𝑖+𝑘 −𝑌)
𝑁
2
∑𝑖=1(𝑌𝑖 −𝑌̅)

,

where 𝑟𝑘 represents the correlation coefficient between two values of the same variable at
times Xi and Xi+k. To determine whether time-related dependencies exist within the
summarized telemetry data, an ACF on monthly fish density (ct) was computed
separately for each unique receiver station over the full time series (Nov. 2012 – Nov.
2014), where k is equal to 24 for time lags 1 – 24 months. The ACFs revealed significant
serial correlation at monthly (lag-1) and bimonthly (lag-2) intervals up to lag-3 (Figure
B.3). The general lack of autocorrelation at the quarterly time scale (i.e., seasonal level)
indicates that fish density at any given time was not influenced by density at the same
location three months prior, and thus observations could be considered independent for
subsequent analysis (i.e., the number of fish present in the spring is not directly
dependent on the number of fish present in the winter).

Spatial correlation
Given that x is a variable measured at several locations identified by the subscript
i, spatial dependence among a set of observations as a function of the geographic distance
among sites is characterized by the empirical variogram γ(h), defined by:
1

𝑁(ℎ)

𝛾(ℎ) = 2𝑁(ℎ) ∑𝑖=1 (𝑥𝑖 − 𝑥𝑖+ℎ )2 ,
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where 𝛾(ℎ) at a specific lag-distance is estimated as the semi-variance (𝛾) among all
pairs of points N separated by the distance h. Note that an increasing semi-variance
estimate (i.e., higher variability) over increasing distances is indicative of spatial
autocorrelation. The degree of correlation between pairs of observations separated by
distance h can also be estimated by their spatial covariance C(h), given by:
1

𝑁(ℎ)

𝐶(ℎ) = 𝑁(ℎ) ∑𝑖=1 (𝑥𝑖 − 𝑥̅ )(𝑥𝑖+ℎ − 𝑥̅ ) ,
where x̅ is the mean of the data points and all other notations are as defined above. To
determine whether a significant spatial structure is present in the summarized telemetry
data, an omnidirectional variogram was calculated for each unique month (Nov. 2012 –
Nov. 2014) to relate the dissimilarity of monthly fish density (ct) to the distance that
separates each sampling location (i.e., receiver station). The increasing shape of the
variograms as a function of distance (km) indicated significant spatial autocorrelation
(Figure B.4), where the spatial scale at which ct observations are uncorrelated is typically
> 5 km (Figure B.5). Subsequent modeling efforts explicitly included the spatial location
of each receiver station in the form of a smoothing function of site coordinates to account
for any residual spatial dependency as evidenced above.
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Figure B.3. Correlogram of the monthly fish density (ct) time-series (Nov. 2012 – Nov.
2014) for each unique receiver station. The blue dotted lines represent the 95%
confidence interval (CI). Red vertical line denotes the 3-month time lag (lag-3).

Figure B.4. Semi-variogram function estimated separately for each month over the 2-year
study period (Nov. 2012 – Nov. 2014) to quantify spatial autocorrelation of monthly fish
density (ct) recorded across unique receiver stations. The semi-variance (𝛾) is a measure
of the dissimilarity of ct observation pairs in relation to the distance (in km) that separates
them. As 𝛾 on the y-axis increases, spatial correlation decreases.
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Figure cont’d.
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Figure cont’d.
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Figure cont’d.

Figure B.5. Spatial correlation between pairs of ct observations for each 5-km distance bin separated by month and year combinations.
The average correlation coefficient (r) in the 0 – 5-km distance bin is equal to |0.5|, indicating moderate correlation over space; the zone
of spatial influence is typically < 5 km.
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B.5. DISTRIBUTION MAPS DEPICTING PROBABILITY OF OCCURRENCE
Distribution maps of spotted seatrout reveal differences in seasonal distribution
where, in general, the study population was more evenly distributed throughout the
system during the fall and winter months, and subsequently concentrated in the lower
estuary during the late spring to summer months (Figure B.6). All maps show the number
of individuals located at a particular station relative to the total fish available to be
detected (refer to the ‘Total Fish Available’ variable described in Section 3.2.7 Data
Analysis) in a given month-year combination. To assess distribution patterns at a higher
temporal resolution, the frequency of individuals (refer to the ct variable described in
Section 3.2.7 Data Analysis) detected at a given station on a particular day was evaluated
(Figure B.7). Similar to the conclusions of previous studies,3,4 the observed cyclical
movement patterns are presumably due to an interaction between prolonged freshet
periods during the spring and summer seasons and imminent spawning of spotted seatrout
from April to September.5 This is hypothesized due to reported salinity preferences of

3

Arnoldi, D. C. 1984. Aspects of the biology of spotted seatrout (Cynoscion nebulosus)
in Calcasieu Lake, Louisiana, with management implications. Pages 470–479 in
Proceedings of the 38th Annual Conference Southeastern Association of Fish and
Wildlife Agencies.
4
Helser, T. E., R. E. Condrey, and J. P. Geaghan. 1993. Spotted seatrout distribution in
four coastal Louisiana estuaries. Transactions of the American Fisheries Society
122:99–111.
5
Nieland, D. L., R. G. Thomas, and C. A. Wilson. 2002. Age, growth, and reproduction
of spotted seatrout in Barataria Bay, Louisiana. Transactions of the American
Fisheries Society 131:245–259.
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spotted seatrout (typically 15 – 30 ‰)6, along with the requirement of high salinities to
ensure egg survival subsequent to spawning events7.

6

Tabb, D. C. 1966. The estuary as a habitat for spotted seatrout Cynoscion nebulosus.
Pages 59–67 in R. F. Smith, A. H. Swartz, and W. H. Massmann, editors. A
symposium on estuarine fisheries. American Fisheries Society, Special Publication
3, Bethesda, Maryland.
7
Taniguchi, A. K. 1980. Effects of the salinity, temperature, and food abundance upon
survival of spotted seatrout eggs and larvae. Pages 19–20 in Proceedings:
Colloquium on the Biology and Management of Red Drum and Seatrout. Gulf States
Marine Fisheries Commission Publication Number 5. Ocean Springs, Mississippi.
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Figure cont’d.

Figure B.6. Relative frequency of telemetered spotted seatrout in Lake Pontchartrain
from November 2012 – November 2014. n denotes sample size (i.e., the number of
individuals detected) for a given month. No fish were relocated during September 2013.
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Figure B.7. Daily presence of telemetered spotted seatrout (Cynoscion nebulosus) at a
given station from November 15, 2012 to November 15, 2014. Unique receiver locations
are shown as the distance to Lake Borgne (km) in descending order (i.e., west to east).
The frequency of individuals is denoted by the color scale to the left of each panel.
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APPENDIX C. SUPPLEMENTARY INFORMATION FOR CHAPTER 4
C.1. COMPUTATION OF EMIGRATION RATES
A double gate configuration was used to deploy 12 stationary acoustic receivers
(VR2W-69 kHz, Vemco Division AMIRIX Systems Inc., Nova Scotia, Canada) in the
three major exit routes of the lower estuary to continuously monitor fish emigrating from
Lake Pontchartrain (e.g. 6 in the Rigolets Pass, 4 in Chef Menteur Pass, and 2 in the
IHNC). The acoustic gate receivers were operational over the majority of the study period
(89% of days), with the exception of a lapse in functionality from 12/4/2013 to 2/10/2014
at station 6 (i.e., only one receiver was actively monitoring fish passage at the Rigolets
Pass outer gate during this period). Two complete lines of receivers were deployed in a
double acoustic gate configuration to decipher directionality (e.g., emigration from the
system versus immigration to the system1,2,3).
For the purposes of this study, emigration was assumed to have occurred if either:
1) a telemetered fish was detected at both the inner and outer acoustic gates consecutively
in the same tidal pass, or 2) a telemetered fish was last detected at a single acoustic gate
within the tidal pass and not detected within the estuary proper again thereafter.
Emigration rates were quantified as the ratio of the number of fish that emigrated to the
total number of fish ‘available’ to emigrate during a given interval. Because emigration

1

Lacroix, G. L., D. Knox, and M. J. W. Stokesbury. 2005. Survival and behaviour of
post-smolt Atlantic salmon in coastal habitat with extreme tides. Journal of Fish
Biology 66:485–498.
2
Heupel, M. R., J. M. Semmens, and A. J. Hobday. 2006. Automated acoustic tracking of
aquatic animals: scales, design and deployment of listening station arrays. Marine
and Freshwater Research 57:1–13.
3
Callihan, J. L. 2011. Spatial ecology of adult spotted seatrout, Cynoscion nebulosus, in
Louisiana coastal waters. Doctoral dissertation. Louisiana State University. Baton
Rouge, Louisiana.
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rates may have been underestimated (i.e. negatively biased) if fish left the estuary without
being detected, extensive range testing was conducted to test these assumptions4. The
overall detection efficiency of the inlet gates was high (x̅ = 86%), suggesting that the
majority of emigrants travelling through the tidal passes were detected. Emigration rates
could have potentially been overestimated if fish remained in areas lacking receiver
coverage between the interior and terminal acoustic gates (i.e. separation distances
ranging from 2 km to 5 km), but this is unlikely of significant concern since few
emigrants (n = 7) were detected by only one receiver line.
Based on the above criteria, there were 53 documented emigration events
throughout the 2-year study period (15 Nov 2012 to 15 Nov 2014), with 48 individuals
emigrating from the system and 6 individuals returning to the estuary proper, 4 of which
later re-emigrated (Table C.1). The average time between release and emigration was
91.3 days with a minimum time of 2 days and a maximum time of 526 days, but was
largely dependent on release group (i.e. detection period was generally lowest for spring
releases). Overall emigration rates were moderately low (35.6%)5, yet strong seasonal
trends in migration patterns were evident, occurring primarily in the late-spring (11.0% 22.2% from mid-April to May) and fall (6.8% in November) seasons (Figure C.1). A
much lower incidence of emigration was evidenced in the early summer (4.7% in June)
and winter (1.2% in December and January) seasons, with no emigration events recorded
during the months of February, March, July, August, September, or October. Moreover,

4

Refer to Chapter 2 for more detailed information on the range testing procedures
employed throughout this study.
5
The mean percentage of fish emigrating over a monthly interval was 3.4 ± 6.5% (±
standard deviation) and ranged from 0.0% to 21.2%.
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male spotted seatrout showed a greater tendency to emigrate than female spotted seatrout
(Table C.2), where the proportion of males emigrating from the estuary (42.9%, 3 of 7
individuals) was 39% higher than that of females (30.8%, 36 of 117 individuals).
Interestingly, most fish that emigrated from the estuary (68.8%) utilized the Rigolets Pass
as a migration corridor, less frequently exiting the system through the IHNC (4.2%) and
Chef Menteur Pass (27.1%). Further, two individuals (5468 and 7637) were recaptured
by recreational anglers near Mississippi Sound on 4 May 2013 and 25 May 2013,
respectively. These two female fish were detected emigrating through the Rigolets Pass
on 1 April 2013 (5468) and 13 May 2013 (7637) prior to recapture. Proportions are based
upon a total of 135 fish since five individuals (12605, 12613, 5427, 5433, and 7651) that
were never detected within the interior of Lake Pontchartrain were omitted from the
emigration analysis.
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Table C.1. Emigration summary of telemetered spotted seatrout (Cynoscion nebulosus) based on detections in the interior and terminal
acoustic gates deployed in the Rigolets Pass, Chef Menteur Pass, and the IHNC (n = 12 receivers). Date Left = the date of last
recorded transmission on the acoustic gates; Time to Emigrate = the time elapsed in hours between first detection at inner gate to last
detection at outer gate during an emigration event; Date Returned = the date of first recorded detection on the acoustic gates after
emigration from the system; Time Gone = the time elapsed in hours between emigration and return to the array; Time to Return = the
time elapsed in hours between first detection at the outer gate to last detection at the inner gate during the return event; Days to Leave
= the number of days between date of release (Release Date) and date of emigration event (Date Left). Abbreviations are as follows:
Rigolets = Rigolets Pass, Chef = Chef Menteur Pass, IHNC = Inner Harbor Navigation Canal. NE indicates that the value was not
estimable.
Fish
ID
12609
12615
12618
12629
14832
14834
14839
14841
14847
14850
5421
5422
5422
5422
5425
5426
5426
5429
5429
5434
5439
5440
5442
5444

Date
Left
4/25/14
11/11/13
11/13/13
11/8/13
5/9/14
5/17/14
5/14/14
5/1/14
4/30/14
5/5/14
4/14/14
5/26/14
6/1/14
6/9/14
1/6/14
11/19/13
5/5/14
5/22/14
6/10/14
12/7/13
5/11/14
5/15/14
5/23/14
5/17/14

Pass Left
Lake Catherine
Rigolets
Rigolets
Rigolets
Chef
Rigolets
Rigolets
Chef
Chef
Chef
Rigolets
Chef
Rigolets
Chef
IHNC
Lake Catherine
Rigolets
Rigolets
IHNC
Chef
Rigolets
Rigolets
Chef
Rigolets

Time to Emigrate
(hrs)
54.6
17.7
3.1
5.2
24.7
9.5
1.8
NE
13.2
127.9
45.3
2.2
2.1
1.7
16.0
13.5
5.0
14.8
1.7
2.9
3.7
2.0
15.9
4.3

Date Returned
-----------5/26/14
6/2/14
--11/23/13
-5/23/14
-------

Time Gone
(hrs)
-----------1.1
42.8
--87.6
-3.8
-------
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Time to
Return (hrs)
-----------NE
3.3
--3.5
-18.9
-------

Pass Returned

Release Date

-----------Chef
Chef
--Lake Catherine
-Lake Catherine
-------

11/6/13
11/6/13
11/6/13
11/6/13
4/22/14
4/23/14
4/22/14
4/23/14
4/23/14
4/22/14
11/6/13
4/23/14
4/23/14
4/23/14
11/8/13
11/6/13
11/6/13
4/23/14
4/23/14
11/8/13
11/8/13
4/23/14
4/21/14
4/23/14

Days to
Leave
170
5
7
2
17
24
22
8
7
13
159
33
39
47
59
13
180
29
48
29
184
22
32
24

Table cont’d.
Fish
ID
5448
5452
5460
5464
5465
5467
5468
5471
5475
5476
5480
5506
5510
5512
5513
7633
7637
7687
7693
7729
7741
7745
7745
7747
7749
7753
9455
9469
9476

Date
Left
5/13/14
6/1/13
5/31/13
4/8/13
6/1/13
5/2/13
4/1/13
5/26/13
4/16/13
5/31/13
5/16/13
5/26/13
5/6/14
11/8/13
11/27/13
5/3/13
5/13/13
11/11/13
4/28/14
5/15/14
4/25/13
5/16/13
4/25/14
4/7/13
4/13/13
4/19/13
5/17/14
3/20/14
11/13/13

Pass Left
Rigolets
Chef
NE
Rigolets
Rigolets
Rigolets
Rigolets
NE
Rigolets
Lake Catherine
Lake Catherine
Rigolets
Rigolets
Rigolets
Rigolets
Chef
Rigolets
NE
Chef
Rigolets
Lake Catherine
Chef
NE
Rigolets
Rigolets
Lake Catherine
Chef
NE
Rigolets

Time to Emigrate
(hrs)
9.8
3.4
NE
4.0
4.7
25.0
23.9
NE
8.4
2.8
1.8
2.2
19.4
12.3
8.9
22.9
5.6
NE
NE
2.4
4.7
1.7
NE
6.7
14.7
7.8
1.2
NE
6.2

Date Returned
-6/14/13
----------------4/29/14
--11/6/13
--------

Time Gone
(hrs)
-319.3
----------------5.1
--4180
--------
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Time to
Return (hrs)
-1.2
----------------3.6
--NE
--------

Pass Returned

Release Date

-Chef
----------------Chef
--NE
--------

4/22/14
5/20/13
11/16/12
11/16/12
11/16/12
11/15/12
11/15/12
11/15/12
11/15/12
11/15/12
11/16/12
5/24/13
11/4/13
11/4/13
11/4/13
11/16/12
11/16/12
11/4/13
4/23/14
4/23/14
11/15/12
11/15/12
11/15/12
11/15/12
11/15/12
11/16/12
4/23/14
11/8/13
11/8/13

Days to
Leave
21
12
196
143
197
168
137
192
152
197
181
2
183
4
23
168
178
7
5
22
161
182
526
143
149
154
24
132
5

Table C.2. Proportion of female and male spotted seatrout (Cynoscion nebulosus)
emigrating from Lake Pontchartrain in 25 consecutive monthly intervals after initial
release (15 Nov. 2012). The fraction of emigrants associated with each month*year
combination is shown in parentheses.
Year
Season
Month
Females
Males
2012

Fall
Winter

2013

Winter

November
December
December
January
February

Spring

March
April
May

Summer

June
July
August

Fall

September
October
November

2014

Winter

January
February

Spring

March
April
May

Summer

June
July
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0.0%

0.0%

(0/33)

(0/2)

0.0%

0.0%

(0/33)

(0/2)

0.0%

0.0%

(0/51)

(0/3)

0.0%

0.0%

(0/32)

(0/2)

0.0%

0.0%

(0/32)

(0/2)

0.0%

0.0%

(0/32)

(0/2)

19.4%

50.0%

(6/31)

(1/2)

17.5%

33.3%

(7/40)

(1/3)

6.5%

0.0%

(2/31)

(0/2)

0.0%

0.0%

(0/28)

(0/2)

0.0%

0.0%

(0/26)

(0/2)

0.0%

0.0%

(0/21)

(0/2)

0.0%

0.0%

(0/21)

(0/2)

9.1%

0.0%

(5/55)

(0/3)

2.0%

0.0%

(1/49)

(0/3)

0.0%

0.0%

(0/48)

(0/3)

2.4%

0.0%

(1/42)

(0/3)

4.0%

0.0%

(3/75)

(0/4)

19.1%

25.0%

(13/68)

(1/4)

1.9%

33.3%

(1/52)

(1/3)

0.0%

0.0%

(0/51)

(0/2)

Table cont’d.
Year
Season
2014
Fall

Month

Females

Males

August

0.0%

0.0%

(0/51)

(0/2)

0.0%

0.0%

(0/31)

(0/1)

0.0%

0.0%

September
October
November

(0/31)

(0/1)

0.0%

0.0%

(0/31)

(0/1)

Figure C.1. Proportion of emigrating (black bars) and returning (gray bars) spotted
seatrout (Cynoscion nebulosus) by month. The black line represents the total number of
fish available to be detected, whereas the number labels denote the frequency of
individual fish detected for each monthly interval. Emigration and return events were
pooled across the three main tidal passes (i.e. Rigolets Pass, Chef Menteur Pass, and the
IHNC).
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C.2. APPLICATION OF THE DELTA METHOD
The Delta method is a mathematical approach based on a first-order Taylor series
expansion that is commonly used to approximate the variance of any parameter (e.g., Θ =
𝜃1 , 𝜃2 , ⋯ , 𝜃𝑝 ) that is a function of one or more random variables (e.g., 𝑓(Θ) = Θ3 ). In
matrix notation, the p × 1 random vector can be written as:
𝜃1
𝜃2
Θ=[ ⋮ ],
𝜃𝑝

(1)

which has a p × p variance-covariance matrix of:
𝑐𝑜𝑣(𝜃1 , 𝜃2 ) =
𝑣𝑎𝑟(𝜃1 )
𝑐𝑜𝑣(𝜃2 , 𝜃1 )
⋮
𝑐𝑜𝑣(𝜃
𝑝 , 𝜃1 )
[

𝑐𝑜𝑣(𝜃1 , 𝜃2 )
𝑣𝑎𝑟(𝜃2 )
⋮
𝑐𝑜𝑣(𝜃𝑝 , 𝜃2 )

𝑐𝑜𝑣(𝜃1 , 𝜃𝑝 )

⋯
⋯
⋮
⋯

𝑐𝑜𝑣(𝜃2 , 𝜃𝑝 ) .
⋮
𝑣𝑎𝑟(𝜃𝑝 ) ]

(2)

Note that if variables are independent, then the off-diagonal elements (i.e., the covariance
terms) are all zero. Let Θ ~ 𝑁(𝜇, 𝜎 2 ), and Υ = 𝑓(Θ), where 𝑓 is some transformation of
Θ. Following the Delta method, the variance approximation is then:
̂ ) ≈ 𝑣𝑎𝑟 (𝑓(𝜃1 , 𝜃2 , ⋯ , 𝜃𝑝 ))
𝑣𝑎𝑟
̂ (Υ
𝜕𝑓 2

𝜕𝑓

𝜕𝑓

𝑖

𝑗

= ∑𝑝𝑖=1 𝑣𝑎𝑟(𝜃𝑖 ) [𝜕𝜃 ] + 2 ∑𝑝𝑖=1 ∑𝑝𝑗=1 𝑐𝑜𝑣(𝜃𝑖 , 𝜃𝑗 ) [𝜕𝜃 ] [𝜕𝜃 ] ,
𝑖

(3)

Alternatively, the generalized formula can be written in shorthand notation as:
̂ ) ≈ DΣDΤ
𝑣𝑎𝑟
̂ (Υ
Τ

̂)
̂)
𝜕(Υ
𝜕(Υ
= [ 𝜕(Θ̂ ] ∙ Σ̂ ∙ [𝜕(Θ̂)] ,

(4)
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where the first term in the variance expression, D, is a row vector of partial derivatives of
the transformed function Υ with respect to each of the p parameters (𝜃̂1 , 𝜃̂2 , ⋯ , 𝜃̂𝑝 ), Σ is
the estimated variance-covariance matrix of the p untransformed parameters
(𝜃̂1 , 𝜃̂2 , ⋯ , 𝜃̂𝑝 ), and DΤ is a transpose of the D row vector (i.e., a column vector). In other
words, to derive the first-order approximation to the variance of some multi-variable
function Υ, (i) take the vector of partial derivatives of the function with respect to each
parameter in turn (i.e., the Jacobian), D, (ii) right-multiply this vector by the variancecovariance matrix, Σ, and (iii) right-multiply the resulting product by the transpose of the
original vector of partial derivatives, DΤ .
To demonstrate the steps used to compute seasonal and annual survival rates,
recall that individual encounter histories were constructed of 25 monthly sampling
occasions (i.e., November 2012 – November 2014). Because they are not parameters in
the fitted models, both seasonal and annual survival must be derived from the monthly
survival probabilities estimated. As one such example, consider the probability of
surviving the winter season during the first study year. The estimate of this probability is
calculated as:
𝑆̂𝑊𝑖,𝑦1 = 𝑆̂𝐷𝑒𝑐,𝑦1 × 𝑆̂𝐽𝑎𝑛,𝑦1 × 𝑆̂𝐹𝑒𝑏,𝑦1 ,

(5)

where Wi equals winter (Dec = December, Jan = January, Feb = February) and y1 equals
year one. The variance estimate of this product is then computed by taking the partial
derivatives of 𝑆̂𝑊𝑖,𝑦1 and multiplying by the variance-covariance matrix for the survival
estimates as follows:

302

𝜕𝑆̂𝑊𝑖,𝑦1
(
)
𝜕𝑆̂𝐷𝑒𝑐,𝑦1
𝑣𝑎𝑟
̂ (𝑆̂𝑊𝑖,𝑦1 ) ≈ [(

𝜕𝑆̂𝑊𝑖,𝑦1
𝜕𝑆̂𝑊𝑖,𝑦1
𝜕𝑆̂𝑊𝑖,𝑦1
𝜕𝑆̂𝑊𝑖,𝑦1
)(
)(
)] ∙ Σ ∙ (
)
𝜕𝑆̂𝐷𝑒𝑐,𝑦1
𝜕𝑆̂𝐽𝑎𝑛,𝑦1
𝜕𝑆̂𝐹𝑒𝑏,𝑦1
𝜕𝑆̂𝐽𝑎𝑛,𝑦1
𝜕𝑆̂𝑊𝑖,𝑦1
(
)
[ 𝜕𝑆̂𝐹𝑒𝑏,𝑦1 ]

√𝑆̂𝐽𝑎𝑛,𝑦1 × 𝑆̂𝐹𝑒𝑏,𝑦1

= [(

2√𝑆̂𝐷𝑒𝑐,𝑦1

√𝑆̂𝐷𝑒𝑐,𝑦1 × 𝑆̂𝐹𝑒𝑏,𝑦1

)(

2√𝑆̂𝐽𝑎𝑛,𝑦1

√𝑆̂𝐷𝑒𝑐,𝑦1 × 𝑆̂𝐽𝑎𝑛,𝑦1

)(

2√𝑆̂𝐹𝑒𝑏,𝑦1

)]

𝑣𝑎𝑟(𝑆̂𝐷𝑒𝑐,𝑦1 )
∙ [𝑐𝑜𝑣(𝑆̂𝐽𝑎𝑛,𝑦1 , 𝑆̂𝐷𝑒𝑐,𝑦1 )

𝑐𝑜𝑣(𝑆̂𝐷𝑒𝑐,𝑦1 , 𝑆̂𝐽𝑎𝑛,𝑦1 )
𝑣𝑎𝑟(𝑆̂𝐽𝑎𝑛,𝑦1 )

𝑐𝑜𝑣(𝑆̂𝐷𝑒𝑐,𝑦1 , 𝑆̂𝐹𝑒𝑏,𝑦1 )
𝑐𝑜𝑣(𝑆̂𝐽𝑎𝑛,𝑦1 , 𝑆̂𝐹𝑒𝑏,𝑦1 ) ]

𝑐𝑜𝑣(𝑆̂𝐹𝑒𝑏,𝑦1 , 𝑆̂𝐷𝑒𝑐,𝑦1 )

𝑐𝑜𝑣(𝑆̂𝐹𝑒𝑏,𝑦1 , 𝑆̂𝐽𝑎𝑛,𝑦1 )

𝑣𝑎𝑟(𝑆̂𝐹𝑒𝑏,𝑦1 )

√𝑆̂𝐽𝑎𝑛,𝑦1 × 𝑆̂𝐹𝑒𝑏,𝑦1

(

∙ (

2√𝑆̂𝐷𝑒𝑐,𝑦1
√𝑆̂𝐷𝑒𝑐,𝑦1 × 𝑆̂𝐹𝑒𝑏,𝑦1
2√𝑆̂𝐽𝑎𝑛,𝑦1

√𝑆̂𝐷𝑒𝑐,𝑦1 × 𝑆̂𝐽𝑎𝑛,𝑦1

(
[

2√𝑆̂𝐹𝑒𝑏,𝑦1

)

) ,

(6)

)
]

or equivalently:
2
√𝑆̂𝐽𝑎𝑛,𝑦1 × 𝑆̂𝐹𝑒𝑏,𝑦1

𝑣𝑎𝑟
̂ (𝑆̂𝑊𝑖,𝑦1 ) ≈ (

2√𝑆̂𝐷𝑒𝑐,𝑦1

) × [𝑣𝑎𝑟(𝑆̂𝐷𝑒𝑐,𝑦1 )]

√𝑆̂𝐽𝑎𝑛,𝑦1 × 𝑆̂𝐹𝑒𝑏,𝑦1

+ 2(

2√𝑆̂𝐷𝑒𝑐,𝑦1

√𝑆̂𝐽𝑎𝑛,𝑦1 × 𝑆̂𝐹𝑒𝑏,𝑦1

+ 2(

2√𝑆̂𝐷𝑒𝑐,𝑦1

∙

∙

√𝑆̂𝐷𝑒𝑐,𝑦1 × 𝑆̂𝐹𝑒𝑏,𝑦1
2√𝑆̂𝐽𝑎𝑛,𝑦1

√𝑆̂𝐷𝑒𝑐,𝑦1 × 𝑆̂𝐽𝑎𝑛,𝑦1
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2√𝑆̂𝐹𝑒𝑏,𝑦1

) × [𝑐𝑜𝑣(𝑆̂𝐷𝑒𝑐,𝑦1 , 𝑆̂𝐽𝑎𝑛,𝑦1 )]

) × [𝑐𝑜𝑣(𝑆̂𝐷𝑒𝑐,𝑦1 , 𝑆̂𝐹𝑒𝑏,𝑦1 )]

2

+(

√𝑆̂𝐷𝑒𝑐,𝑦1 × 𝑆̂𝐹𝑒𝑏,𝑦1
2√𝑆̂𝐽𝑎𝑛,𝑦1

) × [𝑣𝑎𝑟(𝑆̂𝐽𝑎𝑛,𝑦1 )]

√𝑆̂𝐷𝑒𝑐,𝑦1 × 𝑆̂𝐹𝑒𝑏,𝑦1

+ 2(

2√𝑆̂𝐽𝑎𝑛,𝑦1

∙

√𝑆̂𝐷𝑒𝑐,𝑦1 × 𝑆̂𝐽𝑎𝑛,𝑦1
2√𝑆̂𝐹𝑒𝑏,𝑦1

) × [𝑐𝑜𝑣(𝑆̂𝐽𝑎𝑛,𝑦1 , 𝑆̂𝐹𝑒𝑏,𝑦1 )]

2

+(

√𝑆̂𝐷𝑒𝑐,𝑦1 × 𝑆̂𝐽𝑎𝑛,𝑦1
2√𝑆̂𝐹𝑒𝑏,𝑦1

) × [𝑣𝑎𝑟(𝑆̂𝐹𝑒𝑏,𝑦1 )] .

(7)

Similarly, average annual survival estimates can be derived using the following
transformations:
𝑆̂𝑦1 = 𝑆̂𝐷𝑒𝑐,𝑦1 × 𝑆̂𝐽𝑎𝑛,𝑦1 × 𝑆̂𝐹𝑒𝑏,𝑦1 × 𝑆̂𝑀𝑎𝑟,𝑦1 × 𝑆̂𝐴𝑝𝑟,𝑦1 × 𝑆̂𝑀𝑎𝑦,𝑦1
× 𝑆̂𝐽𝑢𝑛,𝑦1 × 𝑆̂𝐽𝑢𝑙,𝑦1 × 𝑆̂𝐴𝑢𝑔,𝑦1 × 𝑆̂𝑆𝑒𝑝,𝑦1 × 𝑆̂𝑂𝑐𝑡,𝑦1 × 𝑆̂𝑁𝑜𝑣,𝑦1
(8)
𝑆̂𝑦2 = 𝑆̂𝐷𝑒𝑐,𝑦2 × 𝑆̂𝐽𝑎𝑛,𝑦2 × 𝑆̂𝐹𝑒𝑏,𝑦2 × 𝑆̂𝑀𝑎𝑟,𝑦2 × 𝑆̂𝐴𝑝𝑟,𝑦2 × 𝑆̂𝑀𝑎𝑦,𝑦2
× 𝑆̂𝐽𝑢𝑛,𝑦2 × 𝑆̂𝐽𝑢𝑙,𝑦2 × 𝑆̂𝐴𝑢𝑔,𝑦2 × 𝑆̂𝑆𝑒𝑝,𝑦2 × 𝑆̂𝑂𝑐𝑡,𝑦2 × 𝑆̂𝑁𝑜𝑣,𝑦2
(9)
𝑆̂𝑦̅ = √𝑆̂𝑦1 × 𝑆̂𝑦2 ,

(10)

where 𝑆̂𝑦1 and 𝑆̂𝑦2 is equal to cumulative survival in years one and two, respectively, and
𝑆̂𝑦̅ is equal to the average annualized survival rate across both years.
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For a wider range of applications and a more in-depth review of the theoretical
framework surrounding the Delta method refer to Powell (2007)6 and Cooch and White
(2017)7.

6

Powell, L. A. 2007. Approximating variance of demographic parameters using the delta
method: a reference for avian biologists. Condor: Ornithologic Applications
109:949–954.
7
Cooch, E., and G. C. White. 2017. Program MARK: a gentle introduction, 17th Edition.
Available: http://www.phidot.org/software/mark/docs/book/.
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C.3. ENCOUNTER HISTORIES OF TELEMETERED SPOTTED SEATROUT
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Figure cont’d.

Figure C.2. Relocation histories for 129 telemetered spotted seatrout (Cynoscion
nebulosus) included in the spatial multistate mark-recapture. Each row characterizes the
daily detection chronology for a tagged individual. Fates are coded as natural mortality
determined from stationary transmitter (NM), harvest with returned transmitter (H), and
permanent emigration from the study area (PE).
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C.4. TELEMETRY ESTIMATES OF INSTANTANEOUS MORTALITY RATES
To convert finite annual survival rates (S) to instantaneous estimates of mortality
(total mortality, Z; fishing mortality, F; natural mortality, M), it was first necessary to
derive age-specific survival independently for both male and female spotted seatrout.
Given that survival modeled under the top-ranked AIC multistate mark-recapture models
was size-dependent, length-at-age estimates were determined by using a sex-specific von
Bertalanffy growth function developed for spotted seatrout in Louisiana8, assuming a July
1st hatching date:
Males: 𝐿𝑡 = 527 ∙ (1 − 𝑒 −0.339∙(𝑡+0.53) );
Females: 𝐿𝑡 = 605 ∙ (1 − 𝑒 −0.465∙(𝑡−0.03) ),
where t is age in years and Lt is mean total length (TL) at age in mm and years. Agespecific model-averaged survival estimates were then obtained for each sex and were
subsequently converted to annual mortality (A) and total instantaneous mortality (Z)
using the following relationships:
𝐴 = 1 − 𝑆;
𝑍 = −ln(𝑆),
where S is equal to annual survival. To separate total mortality (Z) into fishing (F) and
natural (M) mortality components, natural mortality was estimated using one estimator of

8

Wieting, D. S. 1989. Age, growth and fecundity of spotted seatrout (Cynoscion
nebulosus) in Louisiana. Master’s thesis. Louisiana State University. Baton Rouge,
Louisiana.
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constant lifetime mortality9, assuming a maximum age (tmax) of 10, and one method of
weight-specific mortality10,11 as shown below:
ln(𝑀) = 1.46 − 1.01 ∙ ln(𝑡max );
𝑛∙𝑊 −0.288

𝑀𝑎 = 𝑀 ∙ ∑𝑎𝑚𝑎𝑥𝑎𝑊
𝑎𝑐

𝑎

−0.288

∙ 𝑊𝑎 −0.288,

where tmax is the maximum observed age (i.e. longevity), Ma is natural mortality at age, M
is the constant natural mortality rate over exploitable ages a, amax is the oldest age-class,
ac is the first fully exploited age-class, n is the number of exploitable ages, Wa is weightat-age, and -0.288 is the allometric exponent estimated for natural ecosystems. Sexspecific weight-at-age was calculated from length-at-age estimates using the lengthweight relationships provided by Wieting (1989):
Males: 𝑊𝑡 = 1.00 × 10−4 ∙ 𝑇𝐿2.59 ;
Females: 𝑊𝑡 = 1.17 × 10−5 ∙ 𝑇𝐿2.97 ,
where Wt is equal to weight in grams and TL is total length in mm. Finally, indirect
estimates of F were derived by subtracting M using the following equation:
𝑍 = 𝐹 + 𝑀.

9

Hoenig, J. M. 1983. Empirical use of longevity data to estimate mortality rate. Fisheries
Bulletin 82:898–903.
10
Lorenzen, K. 1996. The relationship between body weight and natural mortality in
juvenile and adult fish: a comparison of natural ecosystems and aquaculture. Journal
of Fish Biology 49:627–642.
11
Lorenzen, K. 2000. Allometry of natural mortality as a basis for assessing optimal
release size in fish-stocking programmes. Canadian Journal of Fisheries and Aquatic
Sciences 57:2374–2381.
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Comparisons of the instantaneous mortality rates derived using the above method with
those estimated in the 2014 spotted seatrout stock assessment conducted by the Louisiana
Department of Wildlife and Fisheries12 are shown below in Table C.3.
Table C.3. Total instantaneous mortality at age (Za), fishing mortality at age (Fa), and
natural mortality at age (Ma) shown for comparison of female-only spotted seatrout
(Cynoscion nebulosus) instantaneous mortality rates provided by the Louisiana
Department of Wildlife and Fisheries (LDWF) to instantaneous mortality rates for both
male (M) and female (F) spotted seatrout derived from mark-recapture methods used in
this study (CMR). Note that LDWF estimates are shown for the final year of statewide
assessment (2013), whereas estimates from this study are shown as the average over the
two-year study period (2012 – 2014).
Age
Females
1

ZLDWF

FLDWF

MLDWF

ZCMR

FCMR

MCMR

1.06

0.51

0.55

7.72

6.93

0.79

2

1.64

1.27

0.37

4.32

3.80

0.52

3

0.99

0.68

0.31

2.89

2.46

0.43

4

0.55

0.27

0.28

2.22

1.83

0.39

5

0.36

0.10

0.26

1.88

1.51

0.37

6+

0.28

0.03

0.25

1.66

1.31

0.35

1

--

--

--

6.77

6.10

0.67

2

--

--

--

4.71

4.20

0.51

3

--

--

--

3.58

3.13

0.45

4

--

--

--

2.92

2.51

0.41

5

--

--

--

2.52

2.13

0.39

Males

12

West, J., G. Decossas, A. Melancon, S. Potts, and J. E. Powers. 2014. Assessment of
spotted seatrout in Louisiana waters. 2014 Report of the Louisiana Department of
Wildlife and Fisheries. Baton Rouge, Louisiana.
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6+

--

--

--

311

2.24

1.88

0.36

VITA
Ashley Melancon Baer was born on January 12, 1988 in Gretna, Louisiana, and was
raised in south Plaquemines Parish where she enjoyed early childhood and adolescence
exploring the coastal wetlands, estuaries, and unique culture endemic to the area. She
graduated valedictorian from Buras High School in May 2006, and began an
undergraduate degree at Loyola University New Orleans in August 2006. After studying
stream fish ecology under the mentorship of Dr. Frank Jordan in the Biology Department,
Ashley successfully defended her undergraduate honors thesis work on the reproductive
life history characteristics of the blackbanded darter and graduated from the university
Summa Cum Laude with a Bachelor of Science in Biological Sciences and a minor in
environmental studies. Her undergraduate research experience reinvigorated her passion
for the outdoors and ultimately led to her pursuit of graduate studies at Louisiana State
University in August 2010. Under the tutelage of Dr. James H. Cowan, Jr., Ashley gained
valuable research experience and analytical skills, which she applied to fisheries research
and management. Her dissertation work focused on the spatial ecology of adult spotted
seatrout in Lake Pontchartrain. While completing her doctoral work, Ashley participated
in a student internship at the Louisiana Department of Wildlife and Fisheries under the
guidance of Joe West from 2012-2015, and began a student trainee Pathways Internship
with the United States Fish and Wildlife Service in 2015. Shortly thereafter, in January of
2016, Ashley accepted a permanent Fish Biologist position at the Baton Rouge Fish and
Wildlife Conservation Office. Ashley plans to receive her Ph.D. from the Department of
Oceanography and Coastal Sciences in May 2019, and will continue to pursue her

312

passion for fisheries conservation and management under the supervision of Glenn
Constant.

313

